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The growing population demands a lot from food industry. It is a challenge to meet both 
quantitative and qualitative needs. Increased wealth in ´developing countries´ (such as 
China and South-America) has increased the consumption of meat and dairy products. It 
has been observed that increased wealth has affected increased consumption of meat as a 
protein source. The more people make money, the more meat they eat and thus more 
protein is required from the same arable field. This has made several governments to 
search alternative protein sources as in long term meat and dairy industries will not be able 
to meet the needs of the population. Thus, sustainable solutions must be found.  
Boye et al. (2010) discuss the global situation. Although some countries develop and can 
provide more food to their population, malnutrition and hunger are still global problems. 
Increased concerns related with the protein consumption of the world focus on food 
security and protein malnutrition. Food and Agriculture Organization (FAO) of the United 
Nations estimated in 1997 that over 800 million people were undernourished in developing 
countries. Now the number is higher with World Bank estimation on 967 million 
malnourished people. Most of the hungry or undernourished people live on a mono-
carbohydrate diet lacking the required fats, vitamin A, proteins, iodine, zinc and iron. 
Combining or blending pulses to foods made of locally grown grain could be helpful to the 
malnutrition problem.  
With hunger and malnutrition being global problems it is almost ironic that also obesity is 
a serious problem in public health especially in developed countries.  Obesity and related 
problems have increased dramatically during the last 100 years. In developed countries 
with the changed diet people are consuming too much energy especially as saturated fats 
and sugars in the form of sweeteners and white cereal products. The focus is besides 
producing enough food (for population), but also make it nutritionally healthy and safe.  
People in developed countries have also become more conscious about their diet with 
changing lifestyle choices and allergenic reasons. Increased interest on vegan and 
vegetarian diets, demand on non-allergenic protein choices and most importantly, need for 
more sustainable food sources have raised the current interest in plant-based proteins.  
Montgomery (2003) states that life-style changes in Europe have led to an increasing 
number of people who don’t eat meat (vegans or vegetarian). As a result other protein 
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sources have been investigated for allergenic and life-style reasons. It has also been 
observed that people who don’t eat meat are more likely to consume soy based products 
than the average person. On the other hand in Europe, Canada and USA, soy is found to be 
one of the most common allergens which include soy, milk, gluten containing cereal, and 
peanut (Boye et al. 2010). Pea is one of the pulses classified as non-allergenic or as minor 
allergen (rare and allergic reactions are limited). Furthermore the majority of people 
suffering from food allergenic reactions to for example milk, gluten and eggs, who have 
cross-reactivities to soybean and peanut, could use pulses such as pea and bean as an 
alternative (source of nutritional and functional proteins). For highly reactive persons 
precaution is always necessary. 
Nutritionally proteins are valuable part of diet but they also serve as functional food 
ingredients. Proteins, together with other major components, determine among others 
texture, mouth feel, water holding capacity and structural stability of the food product. 
Most of the functionalities such as emulsifying, gelling and foaming abilities of proteins 
are related to their amphiphilic nature (Dickinson 2008). Proteins have good foaming, 
emulsifying and gelling properties due to their abundant functional groups and their 
interactions. Beyond their amino acid composition, functionality of proteins is affected by 
food processing and storage conditions (such as temperature, pH, ionic strength) and by the 
presence of other components in food matrix (Luyten et al. 2004). Major components are 
lipids and carbohydrates, either dissolved or as insoluble particles, often associated with 
complex cellular structures.   
Animal based protein is the largest used protein source. This includes also dairy proteins 
such as whey proteins and caseins. Plant proteins are now taken in concern as an 
alternative. Fujiwara et al. (2002) states that for human consumption of plant proteins, 
storage proteins are most consumed. Storage proteins are the main proteins of the seed, and 
thus, main proteins of the plant proteins. When the seed is developing, storage proteins are 
increasing to high levels in the latest stages of the development. During germination, the 
developing seedling uses amino acids from the storage proteins as a nutritional source. 
Globally, soy is one of the most produced plant protein ingredient in human nutrition. Soy 
is widely produced especially in Asia and North America. The usage in Europe is restricted 




According to Montgomery (2003) soybean is a legume that contains no cholesterol and is 
low in saturated fat. It is also the only vegetable food that contains all eight essential amino 
acids. Soybeans are also a good source of fiber, iron, calcium, zinc and B vitamins. Other 
plant protein sources are for example cereals, oilseeds, peas and potatoes, the technological 
and nutritional functionalities of which have reached a considerable research interest in the 
recent years. From cereals wheat gluten is the most produced due to its specific role as a 
dough additive, but regarding other applications, oat seems to have the best qualities 
(nutritional and functional). Plant (storage) proteins are a mixture of albumins (water 






2 LITERATURE REVIEW 
2.1 Structure – functional aspects of proteins in food systems 
2.1.1 Structural levels in protein systems 
In order to replace the thoroughly characterised protein ingredients, such as milk proteins 
with plant protein sources, role of these proteins and their molecular properties in structure 
formation needs to be understood. Proteins are heteropolymers composed of 20 different 
amino acids that are linked to each other with peptide bonds (link is between α-amino and 
α-carboxylic acid groups). With these bonds, amino acids link into a chain to form primary 
structure. Almost all the 20 amino acids differ only by the side chain which is the 
functional group (after the primary structure has formed). This side chain type can be used 
to classify amino acids. Types are: basic (Arg, His, Lys), acidic (Asp, Glu), aromatic (Tyr, 
Trp, Phe), amide (Gln, Asn), thiol-containing (Met, Cys), aliphatic (Ala, Ile, Leu, Val) and 
polar (Ser, Thr). Additionally one amino acid is achiral (Gly) and one rather an imino acid 
(Pro).  
The polypeptide folds with hydrogen bonds into local conformation mofits (α-helices and 
β-sheets) which is referred as the secondary structure of the protein molecules. The overall 
three-dimensional structure of the molecule i.e. how the mofits in secondary structure are 
folded, determine further the tertiary structure. Finally, the highest dimensional level of 
protein structure arises from the association of different polypeptide chains and it is 
referred as the quaternary structure. Molecular forces are in significant role to the protein 
molecule structure stabilization. The importance of various interactions makes proteins and 
their structures susceptible to changes in environmental conditions.  
 
2.1.2 Interactions of proteins 
Both tertiary and quaternary structures of a protein in its native state depend on covalent 
bonds (linking amino acid residues in sequence or create disulphide bonds between 
cysteinyl residues) and also on many non-covalent interactions (Li-Chan 2004). Covalent 
and non-covalent interactions also participate in intermolecular interactions between 
proteins, such as aggregation and also in their interactions with food constituents such as 
water, lipids and carbohydrates. Interactions are hydrogen bonds, covalent bonds 
(disulphide bridges) but also electrostatic, hydrophobic and van der Waals attractions. Also 
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minor constituents such as salts, flavour components and phenolic compounds, metal ions 
and acidulants effect to proteins properties.  
Proteins are polyelectrolytes, depending on pH, their net charge changes. Not only net 
charge, but also the local distribution of positive and negative charges on the protein 
surface change consequently. The electrostatic interactions are the origin of pH-sensitivity 
of protein structures. Close to the isoelectric point, where the net charge is zero, the 
electrostatic repulsions are lost, and proteins become prone to aggregation. In this respect, 
also salts affect to the solubility and the interaction of the proteins by promoting (salting-
in) or precipitation (salting-out). This depends on the concentration and nature of the salt 
(Li-Chan 2004). For assembly of proteins in multi-phase systems, their amphiphilic nature 
is also of high importance. Proteins are amphiphilic molecules, meaning they contain 
hydrophobic and hydrophilic domains. Thus hydrophobic interactions play an important 
role in molecular interactions between proteins and other food constituents.   
In foods, the structures of proteins are amorphous, which means that they are prone for re-
organization towards equilibrium. Where, driving force is needed for the re-organization to 
take place, molecular mobility determines the kinetics of the change. For proteins, 
hydrophobic interaction has been explained as a driving force. It originates from the 
unfavourable interaction between water and hydrophobic amino acids in the protein. 
Lipids. At oil-water interfaces (such as emulsions) hydrophobic interactions with lipid 
molecules are mainly due to nonpolar residues of proteins. Also covalent, electrostatic and 
hydrogen bonds may contribute to lipid-protein interactions (Li-Chan 2004). Protein-
protein interactions also can implicate protein-lipid interactions. As an example, wheat 
glutens protein-lipid complexes have been associated with the lipid-mediated aggregation 
in gliadin fraction polypeptides (of high and low molecular weight). 
Carbohydrates. Carbohydrates have multiple hydroxyl groups. These compounds can 
affect the stability of the protein structure (Li-Chan 2004). Protein stability is also affected 
by food processing such as thermal treatment (or also frozen storage and dehydration) by 
carbohydrate-protein interactions. Interactions between anionic polypeptides (pectin or 
carrageenan) and proteins can also occur as repulsive (segregation) or attractive 
(complexation). These interactions can lead to gel formation, or precipitation with right 
conditions (ionic strength, pH, biopolymer concentration).    
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Flavor components. Many flavour components are nonpolar (especially aroma 
compounds), the interactions take place with the hydrophobic residues of the proteins (Li-
Chan 2004). Tannins are able to interact by hydrogen bonding with polar and nonpolar 
residues of proteins and also by hydrophobic interactions. Tannins are found from a wide 
range of plant foods (beach pea, canola hulls, evening primrose and faba bean). These have 
been demonstrated to form complexes with proteins, which often leads to precipitation. 
The role of tannins is particularly important in quality of wine, beer and beverages. 
Beneficial effects have been studied (interactions the complexes with proteins, as a 
potential antioxidants or radical scavengers). 
2.1.3 Functional properties of proteins 
The functional properties have been defined as “those physical and chemical properties 
which influence the behaviour of proteins in food systems during processing, storage, 
cooking and consumption.” Functions of the food proteins are diverse. Due to diversity, the 
definitions can’t describe all the possible functional properties. According to Moure et al. 
(2006) classification of functional properties can be done by grouping into categories 
according to the physico-chemical property affected. Example of classification of 
functional properties: Three main groups; (i) properties related with hydration (solubility, 
thickening, absorption of water/oil, wettability), (ii) related with protein structure and 
rheological characteristics (elasticity, viscosity, aggregation, adhesiveness, gelation) and 
(iii) to properties related with protein surface activity (foaming and emulsification 
activities). Another classification could be according to Li-Chan (2004) based on 
bioactivity of proteins as enzymes, hormones and antioxidants. Structural and functional 
properties of proteins and intrinsic, extrinsic factors affecting those are summarized in 
Table 1. 
Proteins such as globulins, albumins, prolamins and glutelins are classified by the Osborne 
classification by their functional attribute (solubility) to distinguish food proteins (Shewry 
and Halford 2002). Albumins are water soluble, globulins salt soluble, glutelins alkali 
soluble and prolamins alcohol/water soluble. Globulins, glutelins and prolamins are the 
main storage proteins in cereals. 
Proteins contribute into many desired characteristics in food products (Luyten et al. 2004). 
Consumer related characteristics are for example mouthfeel, taste and texture.  Technology 




Table 1. Examples of structural properties (intrinsic and extrinsic factors) and functional properties of food 
proteins (Li-Chan 2004). 















pH  heating solubility viscosity enzyme 
structures  
1°, 2°, 3°, 4° 
redox status  cooling, freezing wettability thickening hormone 
conjugates temperature  drying dispersibility gelation antimicrobial 
subunits salt, other 
ions 
 concentrating foaming coagulation antihypertensive 




 other major 
or minor 
constituents 
 shear force fat binding  antioxidant 
   pressure flavour 
binding 
 opioid 
   chemical or 
enzymatic 
modification 
   
      
2.1.4 Definition of important techno-functional properties in protein networks (gels) 
Solubility. The solubility of the protein is often necessary for functionality. Solubility is 
defined as the concentration of a pure compound in a saturated solution (not a well-defined 
property; depends largely on the method used). Protein solubility depends on the 
hydrophilicity/hydrophobicity balance and thus the amino acid composition, especially on 
the surface of the protein (Luyten et al. 2004). Proteins are least soluble near their 
isoelectric point due to loss of overall net charge. Solubility of the proteins can be 
influenced by adjusting environmental factors (pH, salts etc.), by adding polysaccharides 
(sugars), by changing the isolation process, and by hydrolysis. 
Gelation. An intermediate state between solid and liquid is defined as gel. Gel is a three-
dimensional network binding particles that entrap water. Gels can be formed in different 
ways (Aguilera 2004). Heat induced gels are probably most important from food 
processing point of view. Another important category is acid induced gels. For example, in 
yoghurt making, starter bacteria are used to reduce the pH of the environment which leads 
to aggregation and subsequent gel formation of milk proteins. By heating protein 
dispersions, gelation starts by unfolding of the proteins (Luyten et al. 2004). Denaturation 
and aggregation which follows are irreversible.  Proteins interact with each other and form 
aggregates, which leads to network formation in high enough concentration.  
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For acid induced gelation heat treatment is often necessary as a pre-treatment. Heating 
globular proteins in the presence of a solvent enhances the thermal motion and further 
breaking of various intra- and intermolecular bonds stabilizing the protein structure. This 
causes reorganization of the structure. By stating this, the definition of protein denaturation 
could comprise the following; modification of protein conformation (secondary, tertiary or 
quaternary) when not companied of breaking peptide bonds of primary structure. 
Generally, order inside the protein structure decreases after thermal denaturation 
(unfolding irreversible). Unfolded molecules can participate in aggregation of the proteins. 
The combination of non-covalent (hydrogen bonds, electrostatic and hydrophobic 
interactions) and covalent bonds (disulphide bridges/cysteine residues) is a key factor in 
network or aggregate formation. The breaking of the bonds (denaturation) is often pre-
requisite for aggregation and further gel formation of the proteins. In glycinin gels it is 
assumed however that not all the disulphide bridges are broken between the acidic and 
basic polypeptides prior gelation (Lakemond 2001). The initial pH of the solution must 
then differ sufficiently from the isoelectric point of the gelling proteins in acid-induced 
gelation. Also the ionic strength must be low enough to avoid immediate excessive 
aggregation of protein molecules upon preheating (Maltais et al. 2005). For example in the 
case of casein proteins aggregation is enhanced when the pH of the environment 
approaches the isoelectric point of caseins (pH 4.6) and by the increased ionic strength 
(release of colloidal calcium phosphate) (Walstra et al. 2006; Li and Dalgleish 2006) 
The resulted gel is affected by other various factors than heat treatment, pH lowering or 
ionic strength. For example firmness is affected by protein concentration; when higher 
protein concentration is used the firmer is the gel (Aguilera; fig 20.2. 2004). The water 
holding capacity of gels can be modulated by changing gelation temperature, pH, salt type 
and salt concentration.     
Water retention capacity. The meaning is related to the ability of the food system to retain 
water against external force. This includes water inside the system; physically entrapped- 
and capillary water and water interacting with other compounds. The amount of retained 
water is related with the amino acid profile of the protein increasing with the number of 
charged residues, hydrophobicity, pH, conformation, temperature, ionic strength and 
protein concentration (Moure et al. 2006). Values are measured in water and oil absorption 
capacity (WAC/OAC). Water absorption capacity (WAC) is a measure of how much water 
the protein can bind under certain external force. Fat/oil absorption capacity (OAC) is 
corresponding measurement for oil. Solubility and water and oil absorption capacity of 
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isolates from oilseeds are increased with defatting. Also germination, soaking, 
fermentation or thermal treatment may improve the WAC. 
 
2.1.5 Surface related functional properties of proteins 
Functional properties such as gelation, emulsifying and foaming can be referred as proteins 
in colloidal systems. According to Luyten et al. (2004) proteins are often used to stabilize 
phases in food systems. Liquid foams are aqueous systems with dispersed gas phase. These 
would spontaneously separate if stabilizing agent is not added to keep the system together. 
Emulsions are systems with dispersed lipid in aqueous phase or water in dispersed in lipid 
phase. Without stabilizer an oil layer would form on top of the water. Different proteins are 
used in food systems to prevent separation of the phases by acting as surfactants.  
Moure et al. (2006) states that, in foams and emulsions one phase is dispersed in another 
continuous one. They are separated by interface of surface active proteins. Foaming agents 
and emulsifiers ease formation of stable oil-water and air water interfaces and also 
decreases the interfacial tension. Diversity of protocols (operational conditions and values 
obtained defined in different units), in determining emulsifying properties make data 
comparison challenging.  
Foaming capacity. Proteins are the main surface active agents in food systems required to 
stabilize the gaseous dispersed phase. In foaming gas is incorporated to liquid phase by 
forming interfacial film (Moure et al. 2006). For stable foam the film should be resistant to 
external and internal forces. Ability of the protein to reduce the surface tension determines 
foaming capacity (FC). Foaming capacity can also be determined by direct measure of 
aeration of a protein solution or foam volume after whipping or by indirect methods. 
Stability is also measured from foams. Foam stability index (FS) is defined as the time 
required for a 50 % volume reduction. This indicates the ability of the foam to stabilize 
against mechanical and gravitational forces. “Good foaming proteins must (i) rapidly 
adsorb during whipping and bubbling, (ii) have a rapid conformational change, rearranging 
at the air-water interface with reduction of surface tension and (iii) form a viscoelastic 
cohesive film through intermolecular interactions” (Moure et al. 2006). 
Emulsifying activity and stability. According to Moure et al. (2006) molecular properties of 
the proteins have an effect on its emulsifying ability. Solubility is important factor in 
emulsions. Insoluble proteins can generate coalescence and aren’t good emulsifiers. 
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Emulsifying properties correlate well with the presence in the protein surface of 
hydrophobic residues and are in oil-water interface unstable. Physical interdepended 
processes influence on emulsion stability (ES). Factors are flocculation or aggregation, 
cream formation and coalescence. These affect further the phase separation. Most methods 
that determine emulsion capacity (EC) use applying ultrasounds or shear stress forces in 
other words to determine emulsified oil phase.  
 
2.2 Plant protein sources  
2.2.1 Composition and nutritional value of proteins 
The proteins in seeds can be classified as biologically active (enzymes), structural or 
storage proteins. Also in seeds most proteins are in form of storage proteins, therefore of 
prime interest when considered as an alternative for human consumption. Plant (storage) 
proteins are a mixture of albumins (water soluble), globulins (salt soluble), glutelins (alkali 
soluble) and prolamins (alcohol/water soluble) (table 2). Composition of different protein 
sources varies naturally (table 3). Pulses and oil seed plants (soy, pea, canola and lupin) 
especially soy and lupin are rich in protein. The ratio between protein and other major 
components such as lipids and carbohydrates is important in terms of processing and 
nutritional aspects. Cereal proteins are mainly storage proteins and classified like other 
plant proteins. 
Nutritionally, it is important to get vital amino acids from the diet, especially when 
replacing animal based protein source.  According to Young and Pellett (1994) the amount 
of lysine is most likely to be the most limiting amino acid in plant protein foods. Lysine 
score for the selected plant proteins can be seen in table 4. 
For human consumption, allergenicity of the food is in some cases a restrictive factor. 
Some proteins are classified priority allergens (most common) such as soy proteins. In 
other hand some proteins cause non- or minor allergenic reactions for humans (pea, canola 
and potato). Also the amount of protein adsorbed as consumed is notable when viewing 
quality of the protein. Allergenicity and digestibility of various proteins are shown for 





Table 2. Protein distribution (%) in legumes by Osborne fractions (Beliz et al. 2009) and oat and whey 
protein distribution (Oksman-Caldentey et al. 1999). 
Fraction Soybeans Peas Oat Whey 
Albumin 10 21 10 15 
Globulin 90 66 80 5 
Glutelin 0 12  40 
Prolamin   10 40 
 






















Protein 23.3 41.0 14.9-18.4 25.7 19.0 36-52 1,7 
Fat 34.1 19.6 6.9-8.0 1.4 54.2 5-20 0,2 
Carbohydrates 37.2 7.6 62-73.6 
(starch) 
53.7   16,1 
Fibre  24.0 11.5-14.9 18.7 23.2 30-40  
1
 Finel and milk divided by 0,129, 
2
 Salovaara (2007)  and divided by 0,87, 
3
 Beliz et al. (2009), 
4
 Yoshie-
Stark et al. (2008), 
5
 Hojilla-Evangelista et al. (2004) 
 
Table 4. Protein concentration and amount of lysine in different plant protein sources. Score relation is to 100 
(Young and Pellet 1994). 
Source Protein (%) Lysine score 
Oats 16.9 72 
Lupin 36.2 92 
Peas (green) 5.4 101 
Potato 2.1 105 
Soy 36.5 115 
 
Table 5. Quality of different protein sources in digestion and allergenicity point of view. 
Source Allergenicity Digestibility Reference 
Milk -Cow´s milk one of the most common food 
allergens in developed countries 
-62 % of patients reacted on β-lactoglobulin, 60 
% casein, 53 % α-lactalbumin 
casein: 100 % Walstra et al. 2006 
Soy -classified as one of the most common allergen 
-lgE-mediate  
71.8 % (%, w/w) Boye et al. 2010/ 
Evira 
Oat -can be tolerated by most with celiac disease, 
but remains as a glutein consistent cereal 
60.4 -66.5 %  
(%, w/w) 
Salovaara 2007 
Lupin -Allergen, half of people with peanut 
allegenicity are at least sensitive 




Shaw et al. 2008 
Canola/ 
Rapeseed 
-Non-allergenic  Aider 2011 
Pea -allergens have been reported as cross-reactive, 
but only in minor population 
60.4 – 66.5 % of the 
protein (in vitro)  
Boye et al. 2010 





2.2.2 Soy protein 
Generally soy proteins are used as functional food ingredients and also have consumer 
acceptability as such. According to Fukushima (2004) soybeans are good in fat and water 
absorption, foaming, emulsification, gelation, binding etc.  
Soy proteins are extracted from soybeans which contain ~40 % protein. Three kinds of 
proteins are found in the beans; proteins involved in metabolism, proteins involved to the 
structure and finally storage proteins. The final group, storage proteins, includes roughly 
80-90 % of the total protein of the soybean. According to Lakemond (2001) storage 
proteins of soy are globulins (at neutral pH salt soluble, precipitating at pH 4.5 and 4.8). 
These soy globulins consist of four components; 2S, 7S, 11S and 15S. In conditions of 
ionic strength 0.5 M and pH 7.6 the 2S fraction consists of cytochrome C, the Bowman 
Birk- (BBI) and Kunitz trypsin inhibitor (KSTI), and α-conglycinin. Respectively the 7S 
component includes β-conglycinin mainly, but also of γ-conglycinin and basic 7S globulin. 
The 11S fraction is glycinin while the 15 S fraction consist of polymers of glycinin.  
In addition there are some minor proteins in soybeans (Lakemond 2001). These are 
monophosphatase, agalactosidase, phophodiesterase, lactate dehydrogenase, calmodulin, 
lipoxygenase and P-amylase with lectins or agglutinins also. Additionally present in 
soybeans are urease, a polygalacturonase-inhibiting protein, metallothionein and P-
glucosides.  
Soy glycinin consists of subunits, which further consists of basic and acidic polypeptides 
(Lakemond 2001, Renkema et al. 2002). The two polypeptide chains are connected 
together via only one disulphide-bridge (with an exception of one acidic polypeptide 
chain). Molecular weights of the subunit parts are ~38 kDa for the acidic polypeptide 
chains and for the basic ~20 kDa, respectively. In room temperature and pH 7.6 soy 
glycinin forms hexameric complexes. When pH changes to acidic (to 3.8), trimeric 
complexes are formed. When pH is between 2 and 10 and ionic strength is >0.1 M, then β-
conglycinin is present as trimeric glycoprotein, 7S globulin, and consists of three subunits 
which are in six combinations. While ionic strength is <0.1 and pH is 5 or higher, the 
protein is as 9S hexamer (Renkema et al. 2002). When pH shifts to 2-5, it breaks down to 





Soy protein affects both the quality of the final product and processing. Besides its 
allergenicity, off-flavors are the primary concern in utilizing soybeans as an ingredient. 
The off-flavor which are associated with soy products are grassy and beany flavors (due to 
enzymatic lipid oxidation catalyzed by three endogenous lipoxygenases) and also bitter 
astringent and chalky flavors due to saponins and isoflavones. According to Lakemond 
(2001) it is possible to inactivate these proteinaceous anti-nutritional factors by correct heat 
treatment.  
The solubility of protein affects other functional properties such as foaming and 
emulsification. About 80 % of the proteins in soybean can be extracted at pH 6.8, of these 
proteins a large number can be precipitated by acidification at pH 4.5 (Beliz et al. 2009). In 
their study Lee et al. (2003) state that solubility of soy protein isolates (SPI) depends on 
heating, drying and other processing treatments (manufacture and storage). SPI’s solubility 
was measured in 0.1 M NaCl solution at room temperature. Solubility increased with 
increasing pH. Solubility was lowest at pH 4 and highest at pH 11 (<5 and 25 %, 
respectively). Moure et al. (2006) reviewed solubility of different plant protein sources. 
Soy protein isolate was found significantly more soluble than lupin protein isolate (soy 
40.3 %, lupin 33.8 %) (Lqari et al. 2002; Moure et al. 2006). 
For soy protein isolate Moure et al. (2006) state that most used solvent for oilseed protein 
extraction is water with sodium or potassium hydroxide to increase pH. The water 
absorption capacity (WAC) of soy protein isolate was 8.56 g/g, which was twice the 
corresponding result on lupin 3.83 g/g (same conditions as in solubility). With 
germination, fermentation, soaking and thermal treatments of oilseeds it is possible to 
improve some functional properties of oilseed proteins (Moure et al. 2006).  
Oil absorption capacity (OAC) was similar to lupin although lupin had two different 
conditions. Similarity in this property is expected as both are oilseed based plant proteins. 
Boye et al. (2010) also reported the OAC on soy (protein isolate prepared using isoelectric 
point). Compared to pea protein the results were similar (1.1 g/g soy, 1.2 g/g pea). Sharma 
et al. (2010) state that oil absorption of soy proteins, 7 g/g, was highest compared to 
different kind of nuts. They measured OAC after mixing protein (0.1 g) in vegetable oil 
(1 ml). Good oil absorption capacity is typical for many plant proteins and is to be 




In soybeans β-conglycinin and glycinin with a few subunits are responsible for gel 
formation. β-conglycinin is less heat-stable than glycinin (Renkema and van Vliet 2002). It 
unfolds at about 70 °C whereas glycinin unfolds 80 °C, at neutral pH, without added salts. 
Heat denaturation was noticed to be a prerequisite for gel formation (Lakemond 2001; 
Renkema and van Vliet 2002). Non-covalent interactions; electrostatic, hydrophobic 
interactions and hydrogen bonding are significant for gelation of soy protein isolate. 
Disulphide bridges are not involved in gelation of β-conglycinin, however, they were 
shown to exist in heat induced gelation of purified glycinin and soy protein isolate 
(Lakemond 2001).  
Renkema and van Vliet (2002) observed that gelation did not start until after heat 
denaturation of β-conglycinin (68 °C, neutral pH, no added salts) and certain amount of 
protein had to denature before a gel was formed. Gels heated longer, for 4 h at 95 °C had 
larger aggregates than gels that were heated only for one hour. These gels were studied 
with confocal laser scanning microscope (CSLM). Results showed that prolonged heating 
effects on stiffness of gel due to size of the formed aggregates.  
Kampf and Nussinovitch (1997) studied strength and stiffness of acid induced soy protein 
gels. At pH 5.2 soy milk gels had the highest deformability modulus in compression tests. 
At this pH (5.2) stress failure first reached its highest level. Soy gels could not hold on a 
substantial amount of unrelaxed stress.  
In their study Maltais et al. (2005) examined the effect of addition of calcium ions to soy 
protein isolates gel forming ability when in preheated and cooled protein solution. The 
influence of salt type (CaCl2) and its concentration on gel texture and microstructure was 
observed. When adding salt to protein dispersion prior to heating, it stabilizes protein 
quaternary structure against dissociation and denaturing. Increasing salt (CaCl2) and 
protein concentration was observed by increased elastic modulus G´ of gels. Also changes 
in the gel microstructure were observed. The pore size decreased with higher protein 
concentration and was found to increase when adding the salt concentration. The authors 
noticed improvement in water-holding capacity with increase in protein concentration and 
lower CaCl2 concentration. Also gelation of soy protein at room temperature was found 






2.2.3 Other plant proteins from oilseed  
Proteins from oil-producing plants are generally not considered as a primary source of 
protein for human consumption (Arntfield 2004), however, they are widely used in animal 
feed. Alternative oilseed proteins to soy are for example canola/rapeseed and lupin.  
Canola  
According to Arntfield (2004) canola protein has unique characteristics. There is a high 
level of water soluble proteins or albumins (45-50 % of total protein). In most other oil 
producing plants globulins are the most common, but in canola there is only 25 %. A 
contributing factor can be that only 87 % of nitrogen is presented in the form of protein. 
The rest are as water soluble peptides and free amino acids. Aider (2011) reports canola’s 
isoelectric point to be at pH 4.7-5.6 which is in the range of other oilseed proteins.  
Yoshie-Stark et al. (2008) studied solubility of canola protein isolates. Samples were 
dispersed in 100 mM sodium chloride solution and kept at ambient temperature for 1 hour. 
Acid precipitated isolate had low solubility of 20 % between pH 5 and 9 and was insoluble 
at pH less than 5. This supports the isoelectric point which Aider (2011) reported. Ultra 
filtrated sample had a significantly better solubility. At pH 3-4 50-60% and from pH 5 to 9 
solubility was 90-95 % (Yoshie-Stark et al. 2008). This is expected as with the acidic 
precipitation only the proteins with pI at pH 4-5 are reacting.    
Lupin 
Lupin proteins are shown to have bioavailability comparable to soy proteins. Also lupin 
proteins are low in trypsin inhibitors, iso-flavonoids, cyanogens, lecitins and saponins. 
According to Frost and Sullivan (2008) lupin proteins can be used in gluten free products 
to improve organolepic characteristics in colorless and tasteless products. Bakery and 
nutritional products are main applications for lupin protein. Other niches are salads, meat 
and dairy mixes (emulsifier), and confectionary (chocolate and nut/almond paste products). 
Utilization of lupin seed is limited due to alkaloid levels and low agronomic yield. 
Mohamed et al. (2005) state that lupin legumins contain bound sugars which decrease 







According to Hojilla-Evangelista et al. (2004) lupin seed proteins were highly soluble at 
pH 5.5 and had good fat- and water binding capacities, foaming capacities and good 
emulsifying abilities. The solubility of lupin protein was dependent on temperature 
(Mohamed et al. 2005). Solubility decreased with the increase of temperature. At the same 
time, solubility increased with pH. 
 
Table 6 shows a composition of emulsifying and foaming of lupin and soy (Hojilla-
Evangelista et al. 2004). It is shown that soybean had similar foaming capacity and much 
better foam stability than lupin. In lupin protein larger bubble size and wide size 
distribution of the bubbles made the foam collapse shortly after formation. Residual oil in 
lupin foam (6 %) might be one destabilizing factor. Also the pH of the foam affects 
stability. With lupin foam, most stabilized foam was observed at pH 4 (isoelectric area). In 
their study, Hojilla-Evangelista et al. (2004) evaluated properties at pH 7. In the study, for 
FC original volume was not informed, so percentage can’t be calculated. However results 
can be compared to each other. 
With both soy and lupin the results show that by UF-DF is far better than with acid 
precipitated samples as assessed by emulsifying capacities. Soy protein had superior 
emulsifying capacity in general compared to lupin. All ESI values were relatively low in 
the study and not statistically different from each other. 
Table 6. Emulsifying and foaming properties of soy and lupin protein (Hojilla-Evangelista et al. 2004).  




FC (ml) FS (% foam left 
arter 15 min) 
EAI (m
2
/g) ESI (min) 
Soybean, AP 86,1 131 95,0 56,0 15,0 
Soybean,  
retentate, UF-DF 
72,2 144 77,4 98,7 15,0 
Lupin, AP 96,3 104 16,8 45,4 23,4 
Lupin,  
retentate, UF-DF  
73,2 98 2,6 71,5 25,5 
AP= acid precipitation, UF-DF=ultrafiltration-discontinuous diafiltration FC= foaming capacity, FS= foam 
stability, EAI= emulsion activity index, emulsion stability index 
 
2.2.4 Oat and other cereal proteins 
High amount of protein compared to other cereals and especially the fibre (beta-glucan) 
has made oat interesting in the field of ingredient development. Oat contains high amount 




Oat contains 8,7 - 16,0 % protein on dry matter. Structurally oat globulins resemble other 
plant globulins (Loponen et al. 2007). For example soybean glycinins also have the 
hexameric subunit structure with disulphide bond-linked acidic and basic polypeptides. 
However the functional properties of oat globulin differ from soybean glycinins. Protein 
from many plant sources can be extracted with high yield at alkaline pH, which especially 
applies for the preparation of protein concentrates and isolates from oats.  
Loponen et al. (2007) came to conclusion that the solubility of oat proteins in water is 
significantly lower than that of soy. Oat proteins require high salt concentration (1 M) for 
better solubility. Oat also requires higher temperatures for thermal coagulation; the 
globulins are very thermo tolerant. The thermal denaturation temperature for purified oat 
globulins was stated to be at 112 °C. With acidic conditions oat globulins are found to 
unfold more easily in thermal treatment.  
Foaming capacities of oat were strongly affected by lipid composition in the study of 
Kaukonen et al. (2011). Foaming of oats can be improved by using defatted oat meals. 
Especially removing nonpolar lipids has a positive effect on foaming properties.   
Mohamed et al. (2009) state that in some functional properties such as emulsion activity 
index and foaming a significant improvement was due to the chemical modification. These 
changes were caused by acetylation and succinylation. Improvements were also observed 
in other protein isolates – lupin and soy protein isolates functional properties were reported 
superior in the literature. 
 
2.2.5 Potato protein  
In starch manufacture, potato proteins are regarded only as a waste product in general 
(Ralet and Guéguen 2000). With one metric ton of potatoes processed to starch produces 5-
12 m
3
 of potato juice. The produced juice contains 300-410 g/kg proteins in total solids. 
This means about 20-60 % of the proteins in the tuber. Potato’s proteins can be divided to 
three categories; 40-kDa patatin which is a glycoprotein, 22-kDa complex protein group 
and proteinase inhibitors. 
Ralet and Guéguen (2001) state that when producing potato juice the high polluting 
capacity could be reduced by recovering the proteins from the “waste” water. The protein 
represents even about 250 g/kg of the soluble dry solids of potato juice.  
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Amino acid composition of potato proteins is well balanced and comparable to egg and 
milk proteins (Løkra et al. 2009). From industrial point of view potato protein recovery is 
challenging because of the phenolic compounds, fibrious material. They seem to have good 
foaming and emulsifying properties (Ralet and Guéguen 2000). It is also been stated that 
native potato proteins would have poor functionality over the pH 4-8 range. 
Patatin’s isoelectric point ranges between pH 4.5 and 5.2. Around that pH, the solubility is 
also low (Løkra et al. 2009). Potato proteins are shown to be highly soluble (Ralet and 
Guéguen 2000). With increase of pH (4 to 8) solubility increased. In their research Ralet 
and Guéguen (2000) prepared samples from raw potato protein and also from patatin and 
16-25-kDa fractions. All three were diluted NaCl 0 % and with 1 % water solutions. With 
no added NaCl, 16-25-kDa fraction was totally soluble in the pH range (4-8). Patatin 
showed a sharp minimum at pH 4 (25 % solubility) in the solubility curve but increased to 
60 % solubility at pH 6. The raw potato protein had also minimum of solubility at pH 4 
(60 % soluble) and showed increased solubility as pH increased (pH 6, 75 % solubility). 
Raw potato proteins were observed to have poor emulsifying properties and also behaved 
differently compared to fractions. Samples were not heated. Rate of destabilisation was 
much lower at pH’s 5, 6 and 7 than at extreme pH’s (without NaCl). Also, NaCl had 
negative effect on raw protein emulsion stability, this was other way around with the 
fractions. There wasn’t observed significant variation between volume fraction and pH or 
ionic strength in potato raw protein or 16-25kDa fraction. The patatin emulsions were a bit 
more stable without NaCl at acidic pH. Adding NaCl (1 %) had no effect on destabilisation 
rate. Emulsions volume fraction without NaCl was affected by pH with increasing as pH 
increased. Patatin had much lower volume fraction compared to two other protein samples 
at equilibrium around the isoelectric point at pH 4. Patatin and 16-25kDa fractions 
emulsifying properties had considerable differences. When 16-25kDa fraction formed 
stable emulsions towards creaming and with on phase separation after 20 min, when 
patatins emulsion was more rapidly destabilized but with very low oil phase volume 
fraction at equilibrium.  
With heating emulsions it could let to gelling or formation of aggregates (Ralet and 
Guéguen 2000). Thermal treatment might effect on 16-25kDa fraction negatively so that 
only partial network would be formed at the isoelectric point. It seemed that thermal 
treatment promoted the coalescence of 16-25kDa fraction emulsions.  
25 
 
Ralet and Guéguen (2001) conclude that raw potato protein forms good foams. From its 
fractions, patatin formed foams comparable to egg-white powder. 
Ralet and Guéguen (2001) tested the foaming properties in potato raw proteins and its two 
fractions. Samples were not heated. The results show that although the differences were 
only small, all samples had higher density values when NaCl was added and changed the 
pH value. The differences in foam density were not statistically significant. Foam density 
was informed as maximal liquid incorporated into the foam divided by the foam volume 
reached at the end of bubbling. Foaming capacity of the samples, especially patatin, was 
found to be good, close to egg-white foam. 
Foam stability, was observed via half drainage time. The foam stayed longer with NaCl in 
all samples, but lower in extreme pH. On the other hand pH affected foam stability 
significantly; half drainage time was longest at pH 5-7 (NaCl 0 %). This is due to the effect 
of pH on electrostatic charge of the protein. Patatin foam was found to be superior in 
stability to ovomousse at pH 5-7. 
Potato protein has low allergenicity and good functional properties (emulsification, 
gelation and foaming). According to Frost and Sullivan (2008) this plant protein has the 
ability to compete in health and weight management industries. Potato protein stimulates 
the release of the hormone regulating appetite (CCK). Stimulated hormone then reduces 
triglycerides in plasma improving glucose homeostasis and helps to maintain lean body 
mass. Amino acids of potato proteins convert to bioactive forms (taurine, threonine, 
glutathione and glutamine), which gives explains the unusual amino acid profile. Potato 
protein is soluble in even slightly acidic pH. This gives the protein a slight advantage when 
compared to soy protein.  
 
2.2.6 Pea protein 
Frost and Sullivan (2008) state that pea protein concentrates are mainly used as a protein 
supplement in bread flour or in animal feeds. Concentrates usually have a protein content 
of 50 %. On other hand isolates have a protein content of 75 % or more and are mainly 
used for water-in-oil emulsions as stabilizers (for example in mayonnaise). Main suppliers 




According to Boye et al. (2010) pulses are an important provider of energy protein, dietary 
fibre, vitamins and minerals.  Pea along with chickpea, bean and lentil contain 17-30 % 
protein. The essential amino acid concentration varies with species. In addition to 
nutritional value due to high amounts of protein with good amino acid composition, pulse 
proteins are found to have good functional properties in fat- and water binding, gelation 
and foaming. 
Protein solubility of pea as other pulses was lowest at pH’s between 4 and 6 (Boye et al. 
2010). The highest solubility was at pH 8 and 9. Pea protein isolates were found to be less 
soluble than soy protein isolates at alkaline pH’s. Water binding capacity (WBC) was 
found to be better than with soy proteins (Boye et al. 2010). Pea had 1.7 (g/g) and soy 1.3 
(g/g) WBC. Also fat binding was a little better with pea (1.2 g/g) than with soy (1.1 g/g). 
Samples were prepared using isoelectric point. The lowest amount of protein needed to 
form a gel network, was found to be 180 (g/kg) for pea protein (Boye et al. (2010). This is 
close to the value obtained for soy protein (160 g/kg).  
According to Boye et al. (2010) impact of processing (such as hydrolysis) was observed on 
the emulsifying properties of pea proteins. Hydrolysis increased the emulsifying activity by 
almost twofold by comparison. With purified pea globulins and vicilinlegumin mixtures 
the results on emulsifying properties showed that vicilin had generally better properties.  
Pea protein isolate had lower foam expansion (FE) than soy (15 % pea, 22% soy). Foam 
stability (FS) was found to be very similar between these two (94% pea, soy 93 %). Boye 
et al. (2010) report that smooth –seeded yellow pea had superior foaming properties 
compared to skim milk powder and soy protein isolate when prepared by ultrafiltration. 
In table 7 functional properties of plant proteins has been collected. The table indicates the 
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0,1 M NaOH//IEP(4,0)//F     32,34
1
 26,8 185,37 8,16 Moure et al. (2006) 
 0,1 M NaOH//pH(6,0) +CaCl//F     28,27 71,0 189,15 24,00 Moure et al. (2006) 
Lupin (Lupinus 
angustifolius) 
0,2 % NaOH//IEP(4,3)//F 4,47 1,95 19,2 12 74,5 71,0 119,0 94,8 Moure et al. (2006) 
 0,25 % Na2SO3//IEP(4,3)//F 3,83 3,06 33,8 10 69,1 66,7 116,0 93,3 Moure et al. (2006) 
Soybean (G. max) Commercial isolate (Supro 500E) 8,56 2,51
2





 Moure et al. (2006) 
Pea (var. Verde 
Hollanda) 
 1,7 1,2      94 Boye et al. 2010 
Oat Defatted oats       35 156
4
 Kaukonen et al. (2011) 
 CO2-oats       137 146
4
 Kaukonen et al. (2011) 
 protein isolate   76,5
5
  60,8 29,0
6
 106 30,6 Mohamed et al. (2009) 
Potato raw protein NaCl 0 %, pH 4/7   60/90   13/5
7
   Ralet and Guéguen (2000) 
 patatin fraction NaCl 0 %, pH 4/7   25/100   3/7
7
   Ralet and Guéguen (2000) 
 16-25-kDa fraction NaCl 0 %, pH 4/7   90/90   2/3
7
   Ralet and Guéguen (2000) 
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2.2.7 Protein ingredient markets 
As stated earlier plants as protein sources are becoming more and more valuable providing 
an alternate choice and a partial substitution to animal based proteins. The markets for 
plant protein ingredients are expanding though with some regional differences. 
Worldwide protein market  
In their market review Frost and Sullivan (2012) viewed plant protein ingredients market 
globally. The market consists of plant protein ingredients used in dietary supplements, 
foods and beverages. The market is divided into segments of soy protein ingredients 
(protein isolate, protein concentrate and textured protein), wheat, pea, and other plant 
proteins including potato, rice, canola and chia.  
Global markets for plant proteins are divided also regionally. North America has almost 
half of the whole market, with 49 % market share. Genetically modified (GM) soy has 
consumer acceptance which is the major driver of the U.S. market. Europe has about one 
third of the plant protein market (29 % market share). In Europe the total protein 
ingredients market focus is on non-GM soy in plant proteins, but also whey proteins are in 
the market focus. Also potato, rice and pea have emerged to the market as innovative plant 
protein sources. In Asia-Pacific region the share of global market is only 14 %. However 
the market there is driven by China and India which have large population and wealth is 
increasing. With increasing wealth in these countries also the demand for products with 
value-added protein for functional and nutritional advantages are increasing. Remaining 
8 % of the global plant protein market belongs to the rest of the world.   
Especially soy protein market is restrained globally due to cultural differences (Frost and 
Sullivan 2012). It is a traditional crop in Asia, whereas in Europe and North America dairy 
based products are more traditional. Although soy proteins are included in variety of 
products in Europe and North America, emerging to market has been mainly focused on 
segments such as fitness and sports. However in these segments whey proteins are still 
considered as the best option. In addition, the image of soy protein in Europe has been 
taken to negative light due to genetically modification and sustainability issues.   
Regional differences are also seen in division of protein producing companies in their 
specific market areas. In addition, differences are seen in the way the protein markets are 
viewed. In United States, protein market consists of roughly 120 participants (Frost and 
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Sullivan 2008). Leader in soy proteins market segment, Solae, LLC., has 19.2 % share of 
total protein ingredients market in U.S.   
European protein ingredients markets are viewed in dairy and non-dairy protein 
perspective (Frost and Sullivan 2010). Dairy proteins include whey and casein proteins and 
non-dairy sources egg, soy, gelatin, fish, pea and wheat gluten proteins. Total protein 
market (in 2009) was divided with non-dairy proteins 60.6 % and 39.4 % dairy proteins 
market shares. In 2009 milk proteins came as second (17.4 %), wheat gluten as third 
(15.0 %) and soy as fourth with 8.5 % market share. Total protein market consists of 150-
200 companies all in all. Characteristic quality is that there are about 50 significant 
manufacturers and about 50-100 other small ones (mainly local, in milk and egg protein 
markets). Almost all food industry segments use protein ingredients in Europe. In soy, 
milk, gluten and fish protein markets dominant companies are usually large ingredient 
processors (Cargill, Roquette, Solae and ADM). For these companies proteins are one of 
the byproducts.  
Estimates have been made for Europe’s protein markets in ten years range (2006-2016) by 
Frost and Sullivan (2010). Compared to U.S. total protein ingredient markets in Europe 
markets have been stable but with slightly increasing revenues. Estimation for 2012 
revenues was $6 823.6 million with growth rate of 3.5 %. Europe’s protein market seems 
more valuable than markets in U.S. from total protein and dairy protein markets point of 
view. 
Milk protein market is expected to continue slight growth for the forecast period of the 
market review (Frost and Sullivan 2010). Revenues in 2012 are expected to have 6.3 % 
growth rate and total value of $2 643.4 million. Milk proteins are one of the main protein 
sources in Europe. 
Soy protein market – Global and regional 
Soy has the largest segment of the worldwide plant protein ingredients market with 53.4 % 
volume of the total market (1.6 million metric tons total market) according to Frost and 
Sullivan (2012). The worldwide market also has higher growing rate (in 2012 with 6.3 %) 
when compared to other plant proteins. This is due to for example higher global production 
compared to other raw materials, marketing power of the ingredient manufacturers and 
lobbying, and gluten-free status. Worldwide soy protein ingredients market is estimated to 
reach 0.909 million metric tons volume in 2012. Soy protein ingredients worldwide market 
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consist of soy protein isolates (SPI), soy protein concentrates (SPC) and textured soy 
protein.  
In their market review Frost and Sullivan (2008) also estimated market values by ten years 
period from 2004 to 2014. Total protein ingredients markets in United States were 
estimated to stabilize after the 2007 price peak into a slight growth in revenues. In 2012 
market revenues were estimated to be approximately $5 013.1 million, with growth rate of 
5 %. For soy protein market revenues estimation was $2 014.9 million with 1.7 % growth 
rate, respectively. The price of soy is highly dependent on factors such as increasing 
energy costs, competition among crops for land, and annual crop yield of soybeans.  
Soy industry has been transforming their image in their niche in the past decades in 
Europe. Image has been changed from soy based products to more mainstream products 
and therefore it has become a real competitor for dairy based products. Soy proteins 
excellent physicochemical properties combined with low cost and considerable nutritional 
value make it a notable alternative for milk protein based products. The transformed image 
has reflected to revenues and soy market witnesses’ growth through the forecast period 
with an exception in 2011-2012. In 2012 revenues of soy market were estimated to be 
worth $472.4 million and to have 4.1 % growth rate in Europe (Frost and Sullivan 2010). 
Europe’s soy protein market is quite concentrated. The three largest companies take over 
70 % of the total market. Solae is responsible for 30 % of Europe’s soy protein products 
and ADM 20 %. Third company is Cargill 15 % and the rest 10 % is processed by other 
smaller companies.  
Wheat gluten market – Global and regional 
Wheat gluten market on other hand has witnessed a slight drawback of food industries 
trend to manufacture gluten free products although growth has been seen also. For wheat 
worldwide markets are estimated to reach volumes of 0.757 million metric tons 
consumption with 3.3 % growth rate, respectively (Frost and Sullivan 2012).  
The U.S. wheat gluten market has experienced fluctuation within past few years. In 2007 
wheat prices increased dramatically reflecting globally. In 2010 revenues descended 
leaving growth rate negative. In 2012 the market is more stable with slightly fluctuating 




For wheat gluten, Europe is one of the main producers globally. For starch and gluten 
production the major companies are located in for example France and Germany. For 
European gluten markets estimation of the year 2012 was $725.8 million with growth rate 
of 5.4 % (Frost and Sullivan 2010). 
Other protein ingredients markets 
Pea is a versatile protein source. Manufacturers can produce both fiber and protein from 
the same raw material. This promising ingredient has still small manufacturer base 
(especially when compared to soy and wheat) and thus, small volume share of the market. 
To compare, the worldwide market volumes of pea protein are to reach 6.7 metric tons but 
are with promising 5.7 % growth rate (Frost and Sullivan 2012). On pea protein Cosucra is 
the only significant producer in Europe. Other major supplier is Parrheim Foods (Canada) 
which is exporting to Europe. It has over 40 % share of European market.  
From other protein sources lupin protein is also one of the new interesting alternatives. 
Protein is produced from Blue Lupin and has high emulsifying properties. In whole 
fractions of plant proteins in general, anti-nutrients are often present. Lack of anti-nutrients 
in lupin protein isolates enhances its nutritional value compared to others. They are also 
GM-free. Main challenge in competition is pricing of the protein. Application possibilities 
are in baked goods, frozen desserts and prepared meals. Lupin protein is produced by The 
Terrena Group (France) and a Swiss milk company with the brand Lupidor. 
Proteins such as canola, potato and few others are emerging to protein ingredients market 
and are currently good competitors with a joint growth rate of 5 % for other plant proteins 
and animal proteins. Product innovations for emerging proteins are based in the enhanced 
functional and sensory properties. Overall trend is on proteins role as structural addition of 
nutrition. Global trend in protein ingredients based products are healthy and growing (Frost 
and Sullivan 2012). In potato protein markets Solanic (subsidiary of AVEBE) and KMC 
(Danish company) in Europe and Kemin Health in U.S. are active participants (Frost and 
Sullivan 2008). 
From table 8 it is seen that soy has by far the largest worldwide markets. Europe’s share in 
its production is quite small, but then again for example in Asia soy consumption is 
(culturally) a part of every day’s meal. Pea has a large share of pulse markets; one sixth 




Table 8. Protein ingredients markets; estimated weight in consumption and value of the market in 2012 (Frost 
and Sullivan 2008; 2010; 2012). 
 Total protein 
ingredients market  
Soy 
 
Wheat gluten  Dairy proteins (whey 
and casein/caseinates) 
World  1,679 / - 0,909/ - 0,757/ -  
United States  (50 %) / 5 013,1 0,758 / 2 014,9 0,284/ 482,2 0,282 / 1 917,6 
Europe  (30 %) / 6 823,6 0,203 / 472,4 0,350/725,8 0,406 / 2 643,4 
(consumption in million metric tons / revenues in $million metric tons) 
Table 9. Production of different protein sources in 2006 (1 000 t) (Beliz et al. 2009). 
 Total pulses  Soybeans Peas 
World 281 695 221 501 10 563 
Europe 10 448 3 607 3 898 
 
2.3 Milk 
2.3.1 Milk proteins 
In bovine milk protein concentration is ~3.3 % (w/w). About 80 % of this is caseins (αS1-, 
αS2-, β- and κ-casein) (Walstra et al. 2006). In addition, they are to some extent 
phosphorylated which makes them insoluble when Ca
2+
 ions are present. κ-casein, because 
of containing only one organic phosphate group is soluble. Caseins are flexible molecules; 
they are very heat stable, maintaining their structure even at 140 °C.  
The remaining ~20 % of the milk proteins are called whey or serum proteins (non-casein 
nitrogen). These consist of β-lactoglobulins (~50 %), α-lactalbumin (~20 %), blood serum 
albumins, immunoglobulins and proteose peptones as the major proteins (Walstra et al. 
2006). Whey proteins are not heat stable for they denaturate at temperatures above70 °C.  
 
2.3.2 Casein micelles  
In milk, caseins associate and form large colloidal particles referred as casein micelles. 
Micelle size ranges between 50 and 500 nm. Normal pH for milk is ~6.7 at room 
temperature. Micellar integrity is affected by changes in pH, ionic equilibrium and 
temperature of the environment.  
Association of the casein proteins to micelle structure was described by Walstra et al. 
(2006). Inside of the micelle consists about half αS- and β- caseins and with minor amount 
of κ-casein. Colloidal calcium phosphatase (CCP) helps to keep the micellar integrity. The 
outer part consists mainly of κ- and αS- caseins with addition of small amount of β- 
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caseins. Total amount of κ- casein seems to correlate with micelle surface area in milk. κ- 
caseins with the glycomacropeptide domains (GMP, negatively charged) produces the 
hairy layer´ of casein micelles (Li and Dalgleish 2006). The surface is as a result of 
negatively charges. Hairy κ- casein layer provides electrostatic and steric stabilization to 
the casein micelle structure.  
 
2.3.3 Acidified gel formation  
Acidified milk gels can be formed by direct addition of acids, HCl for example, or using 
glucono-δ-lactone (GDL). In most commercial acidified milk gels the structure has been 
formed by the use of bacterial cultures to ferment lactose to lactic acid which thus acidifies 
the matrix. When comparing the use of GDL and lactic acid bacteria, pH starts decrease 
more slowly with bacteria than with GDL. This is due to the fact that the bacteria needs 
time to multiple and grow before significant changes are seen in pH. Also with the use of 
bacteria, acidification does not stop directly when gel is cooled but continues decreasing. 
With GDL the acidification is reported to slow down significantly when cooled. Yoghurt 
gels as acidified milk gels are an example of a particle gels (Lucey and Singh 2003). Gel 
can be referred as a particle gel when it consists of clusters of aggregated (spherical) 
macromolecules forming a continuous structure spreading through the hole surrounding 
volume. Acidified milk gels in general are good example of these gels consisting mainly 
aggregates of casein micelles (diameter range of 20-300 nm) (van Vliet et al. 1991). 
As pH decreases the negative net charge (electrostatic repulsions) of the casein micelles 
are gradually lost due to protonation of NH2 and coδ
-
 (Li and Dalgleish 2006; Walstra et al. 
2006). This is caused by detachment of the hairy layer of the micelle and so the steric 
stabilization is lost because of combined effect of temperature and decrease of pH. As pH 
approaches to ~5 the hairy Κ- casein layer of the micelles starts to collapse. CCP is 
dissolved from the micelle (all of it after pH ~5.2). As CCP was one of the components 
maintaining micelle structure, and when lost, separation of single caseins (β- caseins, 
mainly) are caused, leading in re-organization and aggregation of the micelles. Aggregates 
connecting together form the network structure of the milk gel. The aggregation of the 
casein micelles increases as the isoelectric point of caseins (pH 4.6) comes closer. 
Aggregation is also enhanced by the increased ionic strength (release of CCP). 
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If milk is heat treated (70 °C or higher) before fermentation, whey proteins are denaturized 
and they incorporate to the gel network. Denaturized whey proteins interact with κ- casein 
forming complexes via hydrophobic interactions and intermolecular –S-S- bridges (Lucey 
and Singh 2003). Thus, they are acting as bridges between casein micelles and other 
denaturized whey proteins. When gel is formed with heat treated milk gelation takes place 
at higher pH than gel from without preheating. This could be due to denaturation of major 
whey protein β-lactoglobulins, which have isoelectric point at pH ~5.3.  Firmer gel 
structure is also connected to preheated milk gels.   
 
2.3.4 Yoghurt 
Dairy market in general consists of a very wide range of products. In this work the focus 
was on fresh fermented milk; yoghurt type of product. The characteristical structure, 
consistency and flavor palette of yoghurt is achieved by fermenting milk with two specific 
bacteria species Streptococcus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus. 
The main contributing compounds that are generated by the bacteria are lactic acid, 
acetaldehyde (ethanol), diacetyl and polysaccharides (Walstra et al. 2006). Together in 
milk these bacteria grow better than either of them alone (proto-co-operation). Growth of 
streptococci’s is enhanced by proteolytic rods with the formation of amino acids (main 
being valine) and small peptides, which are produced by lactobacillus. If the cocci were 
alone in a pure culture, weak proteolytic abilities would cause formation of amino acids to 
be slow. Also in milk the amount of needed amino acid is too low for the bacteria’s 
growth. Streptococci forms when growing, in anaerobic conditions (rapid production of 
CO2) formic acid out of pyruvic acid. This production of formic acid and CO2 are essential 
factors needed by Lactobacillus delbrueckii ssp. bulgaricus to grow (Walstra et al. 2006). 
Production of formic acid is also essential in industry procedures when heat treatment that 
is applied to yoghurt milk is more moderate (for example 5-10 min, at 85 °C). Both of the 
bacteria produce lactic acid which inhibits their growth when certain level is reached. 
Lactic acid also lowers the pH of the matrix and gelation starts to occur.  
Lactic acid is produced from lactose by both bacteria. In yoghurt content of lactic acid 
varies from 0,7 % to 0,9 % w/w (80 to 100mM) (Walstra et al. 2006). When lactose 
decomposes, galactose is formed but not converted. There by, as lactose content decreases, 
amount of galactose is increased just as much. Acetaldehyde is the flavor component that 
is most essential to yoghurt. Most of the acetaldehyde is formed by the proteolytic rods of 
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which the growth was enhanced by the streptococci. In addition, Lactobacillus delbrueckii 
ssp. bulgaricus yields threonine by its proteolysis which is an important precursor for 
acetaldehyde. Threonine is also as a natural component in milk.  Polysaccharides, and the 
type of polysaccharides produced has significant effect to yoghurt consistency, in 
particular in the case of stirred yoghurt. Polysaccharides which are secreted in the 
surroundings of the cells, they are called exopolysaccharides (Walstra et al. 2006). 
Physical and sensory properties of yoghurt are in-depth affected by exopolysaccharide 
(EPS)-producing lactic acid bacteria cultures (Tamime et al. 2007). Further the properties 
in question depend on; molecular and chemical characteristics of the EPS, type of the 
produced linkages, type of EPS (capsular or unattached), molecular weight and the degree 
of branching as the major causes. Saccharides can be excreted as separate into growth 
material, or as attached to producing cell (unattached or capsular). Same bacterial cell can 
produce both types of EPS. Production and capsule size depends on the lactic acid bacteria 
strain.   
Tamime et al. (2007) state that casein micelles are not able to go through the EPS capsules. 
Thus, when capsule-forming strain is used to ferment yoghurt milk, the yoghurt structure 
depends on the distribution of cells producing EPS. In early stage of fermentation, amount 
of encapsulated lactic acid bacteria rises, gaining large areas free from casein micelles. 
This is partly causing the pore-structure of the resulting yoghurt. When pH draws nearer to 
5.5, casein micelles became coarser, the bacterial movement slows and gelation starts. 
When the movement of capsule-forming micro-organisms is no longer visible, gelation 
was defined to have started. Casein micelles have less space to aggregate when in presence 
of large amounts capsules. This enables more protein-protein interactions and causes 
gelation earlier. Proteins and exopolysaccharides are found to exist separate from each 
other in fermentative material. This suggests incompatibility between these two. When 
EPS is present in the media, larger and thicker aggregates are formed. Also as a result, 
interactions between aggregates of protein are decreased. This is seen from lower firmness, 
yield stress and viscoelastic moduli. The capsular EPS doesn’t cause ropiness to the 
product but the other can’t either guarantee ropiness.   
General manufacturing process for set type yoghurt begins with standardizing milk with 
wanted fat content. Milk is then homogenized (for example at 55 °C, 20 MPa), high 
pasteurized for 5 min at 85 °C and cooled to ~45 °C (Walstra et al. 2006). Inoculation with 
of yoghurt bacteria is then performed. Inoculated milk is then packed and incubated 
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(fermented). When pH reaches wanted value (~4,5, casein has its isoelectric point in pH 
4,6) the formed milk gel (yoghurt) is cooled to 6 °C.   
Factors such as processing variables (additives, heat treatment and incubation 
temperature), milk composition (amount of total solids, lipids and proteins), protein 
concentration and composition (casein to whey protein ratio or addition of other protein 
sources), and also the type of used starter culture have an effect to the structural properties 
of fermented milk products (Walstra et al. 2006). 
2.4 Plant proteins in dairy products 
As discussed in protein ingredients market section, consumer and industry’s interest 
towards developing innovative products with health benefits is an increasing trend. For 
animal based products the use of plant storage proteins (globular proteins) is a highly 
interesting option. These proteins have good functional properties. When incorporated or 
used to replace entirely the animal based proteins in a product, they may be used to 
increase for example the protein concentration, modify the structure or nutritional value. 
For example in some of the bakery products additional plant proteins such as pea proteins 
are already in regular use.     
In addition, consumers interested in vegetable protein source based products are not only 
vegetarians (Tarrega et al. 2012). Consumers are also interested in the balance ratio of 
animal/vegetable protein intake. This is associated with specific health effects on protein 
types. Substitution (in different ratios) of milk proteins with plant proteins has not yet been 
extensively studied.  
Alu´datt et al. (2012) state that as food ingredients milk and soybean proteins are most 
widely used especially for their gelling properties. Glycinin denaturates at 90 °C 
temperature and β-conglycinin unfolds at 74 °C. Heat denaturation is often a prerequisite 
for gel formation. Whey protein forms different kind of network structures depending on 
pH. This is seen by aggregated particulate networks at neutral pH.  Aggregated gels show 
higher elasticity than fine-stranded gels. When soy protein isolates are mixed with whey 
protein isolates gels indicate phase separation of water except when small amounts of 
whey protein isolate were added (1 %). With 16 % protein concentration gel had most 




According to Roesch and Corredig (2005) when heating milk and soy proteins together, 
large aggregates are formed most likely via disulphide bridges between whey, soy and 
some of the caseins. Other option would suggest other non-covalent interactions when 
heated. When further acidified the already formed aggregates are included into the protein 
network.  
In their article Roesch et al. (2004) stated that the ratio of skim milk and soy protein in 
acidified gel affects the microstructure and viscoelastic properties of the resulting gel. This 
was also stated by Roesch and Corredig (2005). The produced gels in different ratios were 
observed more particulate and less branched when compared to skim milk gel. 
Furthermore, increase in pH onset and gel strength was observed in correlation to soy 
protein substituting skim milk. Roesch et al. (2004) also stated that the actual reactions 
between soy and milk proteins are dependent on the ratio, respectively. In samples with 
more soy aggregation was initiated at higher pH values. Also heating the solutions prior to 
acidifying caused the initial aggregates particle size to increase.  
It is also suggested by Roesch et al. (2004) that milk proteins play a significant role in 
network structure formation of the mixed systems. Up to certain ratio the soy proteins act 
as enhancers, strengthening the structure.   
It has been observed by Roesch and Corredig (2006) that with addition of soy protein, the 
yoghurt structure can be improved. Soy protein isolate was found to be more efficient in 
reducing syneresis and increasing viscosity than sodium caseinate. Soy protein also 
improved the gel strength. These effects were seen from increased elastic modulus G´ and 
with pH onset of gelation. The cause was suggested to be in soy proteins absorption into 
casein micelle or in other hand that soy proteins would just be entrapped in the casein 
network preventing the strong casein-casein interactions.  
Addition of oat β-glucan to acidified skim milk gel was tested by Lazaridou et al. (2008). 
The β-glucan inhibited the forming of casein network, thus weakening the resulted gel. It 
interferes to the protein particle aggregation due to incompatibility of proteins and 
polysaccharides. In the article it is however suggested that hindering effect of the β-glucan 
could be reduced by using β-glucans with certain molecular characteristics (high molecular 
weight or low molecular weight with/or high DP3/DP4 ratio). With that the high viscosity 




3 EXPERIMENTAL RESEARCH 
 
Proteins contribute to network structures in foods not only when soluble as monomers but 
as various meso-scaled structures. Therefore, to achieve (and control) the wanted structure 
and further the desired product it is important to understand the colloidal structures of 
proteins in the dispersed systems. Aim of the research was first to study the colloidal state 
of soy (and oat) proteins in dispersed systems, thus to obtain a stable system to be 
fermented. Also the aim was to substitute the milk proteins partly or totally with plant 
proteins in fresh dairy products. Fermentation was performed in order to investigate the 
effects of protein substitution on the dynamics of acid-induced gel formation, and on the 
structure and stability of the gel. 
  
3.1 Materials and methods 
The Master’s thesis was done at VTT Technical Research Centre of Finland, Espoo, 
Finland. Soy protein isolate powder (SPI, produced for Leipurin Oy by Harbin Hi-Tech 
Soybean food CO., LTD, China), skim milk powder (SMP) and liquid lactose fraction 
(proteins removed by ultrafiltration from milk) were provided by Valio Ldt. (Helsinki, 
Finland). Also the yoghurt starter bacteria were provided by Valio Ldt. The starter was 
frozen and stored at -80 °C and used as required. The oat protein concentrate powder was 
supplied by VTT Espoo, Finland. Compositions of the powder materials and lactose 
fraction are shown in table 10. SMP and lactose fraction was always diluted with distilled 
water. SPI and oat protein concentrate were diluted with diluted lactose fraction. The 
lactose fraction was kept at -23 °C. It was thus melted and diluted (with ratio of 1: 2.5) 
before sample preparation. The dilution ratio was calculated in order to mimic the 
composition of milk in the samples. SPI and Oat was mixed with the diluted lactose 
fraction. SMP was always mixed in distilled water. With all samples, powders were 
weighted first and then were completed with water or diluted lactose fraction to total 
volume of 200 g. When making mixtures (SPI-SMP or oat-SMP), sample solutions were 
first prepared individually, then blended together in wanted ratio for the two hour mixing. 
For colloidal studies SPI and oat powders were also mixed with distilled water the needed 
amount of protein powder was adjusted according to the powders protein concentration in 
order to get the protein content of 4.5 % to the solutions. Composition of the samples is 
presented further on. Statistical analysis one-way ANOVA (SPSS 14.0, SPSS Inc., 
39 
 
Chicago, Il, USA) was used to compare results from texture analysis and storage 
experiment. Values were considered to be significantly different at p<0.05. 
 
Table 10. Composition of the materials applied in this study. 
  SMP SPI OAT Lactose fraction concentrate 
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3.1.1 Colloidal properties of proteins in solution 
Sample preparation for colloidal studies 
The preliminary studies for characterizing soy and oat proteins dispersions were executed 
by using particle size and total protein concentration measurement. Samples for these were 
prepared from materials described earlier. SPI or oat protein concentrate dispersions were 
prepared in diluted lactose fraction or distilled water by mixing with magnetic stirrers for 
two hours in a water bath at 50 °C. Dispersions were then treated with high pressure for 
10 min by using a microfluidizer (Microfluidics M-110Y). Pressures of 200 bar, 400 bar, 
800 bar were used for comparison. After homogenization, samples were centrifuged 
(Minispin, eppendorf) for 15 min at 13 400 rpm. Samples were then filtrated with different 
pore sized syringe filters (0.45 µm, 0.2 µm and 0.1 µm). Steps for processing the samples 









+ distilled water 
(4.5 % (w/w)), 
2h at 50 °C 
Filtration 
0.45 μm, 0.2 μm 
and 0.1 μm syringe 
filters  
Homogenization 
10 min at 200, 400 
or 800 bars 
Centrifugation  
15 min at  






Particle size analysis 
Particle size was measured from each treatment step with Beckman Coulter LS230 Particle 
size Analyzer. Measurement is based on the assumption of spherical shape of the particles 
and laser diffraction. With static light scattering from the particle, 0.04 – 2000 µm sized 
particles can be detected. Optical module for casein was used in the measurement. Needed 
amount of added sample was measured by the device and this was followed in the 
experiment. Each measurement consisted of two replicate runs of 90 sec. Washing of the 
device was done always before and after each measurement.   
Protein concentration was determined using Bio-Rads DC Standard Assay Protocol, which 
is modification from Lowry’s protocol. Bovine serum albumin (BSA) was used as 
standard. Standard curve was prepared by diluting BSA stock solution (1.5 mg/ml) in 
distilled water to 1; 0.75; 0.5 and 0.25 mg/ml concentrations. Samples were then diluted to 
the range of concentrations used for the standard curve. Not homogenized samples were 
diluted with ratio of 1:10, homogenized and centrifuged samples with ratio of 1:50 and the 
filtrated samples were diluted with 1:30 ratio. After dilutions, Standard Assay Protocol was 
followed according to instructions. Samples (50 µl) were pipetted into test tubes. Reagent 
A was then added 250 µl to all and vortexed immediately. Then, reagent B was added 
(2 ml). After waiting at least 15 min, protein concentrations were measured using 
absorbance readings by spectrophotometer (750 nm wavelength, UV-visible 
spectrophotometer, Shimodzu). Samples were also prepared by using only water and 
diluted (1: 2.5) lactose fraction for comparison.  
The used protein Assay is improved version of well-documented Lowry assay. It is a 
colorimetric assay for protein concentration following detergent solubilisation. The 
experiment is based on the proteins reaction with Folin agent and alkaline copper tartrate 
solution. The results are determined with reading the characteristical blue colour by 
absorbance at 750 nm. The used reagent A contains the alkaline copper tartrate solution 
and the reagent B diluted Folin agent. 
SDS-PAGE analysis    
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in reducing and 
non-reducing conditions was used to analyse the molecular weight of the proteins and also 
to observe possible changes in protein mobility due to different treatments (high 
temperature and high pressure) on the dispersions. SDS-PAGE separates proteins based on 
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their size (length of the protein chain and its molecular weight) and therefore mobility in a 
polyacrylamide gel when system is exposed to electric current. Protein sample is always 
mixed with SDS solution. This is an anionic detergent which destroys the secondary and 
tertiary structures of the proteins. The protein is then straightened and negatively charged. 
With the electric current, the negative proteins are descending through the gels pores 
according to their weight. Large proteins move more slowly than the small ones. Thus, 
results show the smallest proteins in the bottom of the gel. Both, reducing and non-
reducing SDS-PAGE were used in the experiment. In reducing SDS-PAGE a reducer, for 
example 2-mercaptoetanol, is present and upon heating it denaturizes the protein more by 
breaking disulphide bridges. In non-reducing SDS-PAGE no reducing agent is present and 
sample is not exposed to high temperature heating during the experiment in order not to 
induce formation of additional disulphide bridges. After electrophoresis, gels are dyed by 
using Coomassie brilliant blue or Silver dye for visualizing the proteins. 
SDS-PAGE samples were prepared from the samples to be fermented (SMP, SPI, oat 
dispersions in lactose fraction and also mixtures of SMP/SPI and SMP/oat). A small 
amount of homogenized samples (400 bar) were taken before and after the heat treatment 
(90 °C, 5 min) was taken for the test and stored in freezer until the analysis.  
After melting the samples; SMP, SPI, oat and their mixtures; oat-SMP 50:50 and SPI-SMP 
50:50, all both heated and non-heated, samples were vortexed. Samples were then diluted 
from protein concentration of 4.5 % to 1.5 mg/ml (ratio of 1:30). After this, 60 µl sample 
and 20 µl SDS solution were mixed by vortexing (contents of the both used SDS solutions 
seen from table 11). The final concentration of the samples was 1.13 mg/ml. Sample were 
prepared with both reducing and non-reducing SDS solution. Samples with reducing SDS 
solution were then heat treated at 95 °C for 5 min and quickly centrifuged to get all 
moisture down. Biorads criterion precast gels (10-20 % Tris-HCl, 12+2 wells, USA) were 
used and equipment for the run was put together. Running solution was diluted (1:10) and 
run-equipment filled with it. Of the wells of the gel were loaded with 10 µl of samples (8 
µl for the oat protein samples) and the molecular weight standards (prestained SDS-PAGE 
standard, Biorad, USA). The run was performed at 200 V (takes approximately one hour). 
Gels and the equipment were washed with distilled water. Gels were then dyed with 
Coomassie brilliant blue (Serva blue R, Serva Electrophoresis, Heidelberg, Germany) 
overnight. Gels were then washed first with distilled water (rinsed) and with washing 
solution 1. for three times (15 min each). Then gels were put over night to washing 
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solution 2 for further clarification. Contents of the running and washing solutions can be 
seen from table 11. Gels were then scanned for results.     












1 M Tris-HCl  
pH 6.8 
1 M Tris-HCl  
pH 6.8 
Trisma base  
(30,3 g/l) 
Ethanol 40 % Ethanol 5 % 
Glyserol (87 %) Glyserol (87 %) Glysin (144,2 g/l) Acetic acid 10 % Acetic acid 7,5 % 
Water Water SDS (10 g/l) Water Water 
SDS SDS    
Bromphenol blue Bromphenol blue    
 β-Mercaptoethanol    
 
3.1.2 Properties of gel formation 
Sample preparation for gelation studies 
Fermentation studies were performed by using the prepared dispersions of SMP, SPI and 
their mixtures; SPI-SMP (25:75, 50:50, 75:25) and oat-SMP (25:75, 50:50). The 
homogenization was performed at constant pressure of 400 bars. The particular pressure 
was selected based on preliminary studies (with 200 bars pressure some of the large 
particles were still present). Samples were then heat treated for 5 min at 90 °C and then 
cooled rapidly by immersing in ice. After heat treatment, samples were stored in the fridge 
(7 °C) over night. On the next day samples were first warmed by mixing in a water bath (at 
least for 20 min) and fermented at 42 °C with starter bacteria (Valio Ldt.). Steps on sample 
preparation are shown in figure 2. For inoculation, 2 g of starter was weighted and 
completed to 10 g with sample solution and mixed with magnetic stirrer. Amount of 500 µl 
of this dilution was then pipetted to 100 g sample solution while mixing quickly with 
magnetic stirrer. For starter to mix thoroughly into the sample, magnetic stirring was 
continued for two minutes. After this, amount of ~20 ml was taken for pH measurement, 
22 ml for rheology to concentric cylinder measuring system after 5-10 min from 
inoculation, 1 ml to microscopy and the rest divided to 2-3 cups of ~30 g for texture 
analysis. Acidification was monitored by measuring pH development (every 5 min for 6 h). 
Storage experiments were performed for samples of SPI, SMP and their mixes. Samples 
were prepared (same way the others) forehand to be fermented on the same day. Total 
amount of 400 g was used for each sample. After inoculation of the starter bacteria, ~20 ml 
of each sample was taken for pH follow-up and the rest was divided into ~30 g per cup, 3 
43 
 
cups for each measuring point - for each sample. Measuring points were selected as 7-, 14- 
and 21 days storage at refrigeration temperature (7 °C).   
Composition of the samples is presented in table 12. It can be seen that the samples are 
comparable in terms of their protein, lactose and dry matter contents. Differences are seen 







Figure 2. Sample preparation for fermentation. 
 
Table 12. Composition of the samples. 









  % (g/100g) % (g/100g) % (g/100g) % (g/100g) % (g/100g) % (g/100g) 
Lactose 6.76 6.90 6.80 6.83 6.87 6.87 
Protein 4.50 4.50 4.50 4.50 4.50 4.50 
Ash 0.69 1.04 0.77 0.86 0.95 0.89 
Starch 
     
0.77 
Fat 0.00 0.00 0.00 0.00 0.00 0.00 
Dry matter 11.95 12.52 12.09 12.24 12.38 12.16 
Salt (NaCl) 0.27 
 
0.20 0.13 0.07 
  
Rheological and texture analysis  
Stress controlled rheometers (AR-G2 and Discovery HR-2 hybrid, TA-Instruments, 
Crawley, West Sussex, UK) equipped with a Din concentric cylinder (Peltier steel, 
992324) were used for rheological measurements.  
During acidification, time sweep was performed to determine the viscoelastic properties of 
the forming gel. In time sweep experiments, sample is exposed to a constant oscillating 
stress (σ) or strain (γ) at constant frequency (ω). The measured parameters are: G´ the 
shear elastic (storage) modulus and G´´ the viscous (loss) modulus. G´ describes the 
stored/recovered energy in oscillation cycle meaning the elastic properties (Horne 1999). 
Mixing 
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G´´ describes the lost/dissipated energy meaning viscous properties. Another parameter is 
the loss tangent (tan δ) which is basically the ratio between the loss and elastic modulus 
(G´´/G´). When the solution stars to gel G´ increases rapidly overcoming the G´´. The 
gelation point can thus be described as the point at which G´=G´´ (tan δ=1). After that 
point tan δ decreases steeply indicating the domination of the elastic character and forming 
of a gel network. 
Time sweep was set to take measurements every ~5min for 6 hours and in the gelation 
temperature of 42 °C. Frequency and strain were set to 1 Hz and 1 %, respectively. These 
parameters were tested to be in the linear viscoelastic range by performing frequency and 
strain sweeps after the time sweeps. Two repeats were done for each sample. 
Texture analysis and the amount of separated whey analysis were performed right after the 
acidification, when pH reached to 4.5. Samples were first tempered to room temperature 
before the texture and syneresis measurements. The surface whey was measured by 
weighing the separated liquid on top of the gels without disturbing the gels. After that, the 
cups were used for the texture measurements. Gel firmness was analysed by using a texture 
analyser (TA-HDi Texture Analyzer, Stable Microsystems, Ltd., Godalming, England) 
equipped with a load cell of 5 kg and a hemispherical plastic probe (∅ 1.27 cm). During the 
measurement, first, the probe is positioned as close as possible to the sample surface. It is 
to be located to the centre of the sample (the dimensions of the sample in the cups were; 
3.7 cm diameter and 1.5 cm height). Device then pushes the probe through the sample 
(with constant speed of 0.5 mm s
-1
) measuring the force needed to penetrate the sample 
Probe was penetrated to 70 % of the sample height. Force at fracture point and the distance 
that the probe travelled until this maximum force are measured.  
Confocal Laser Scanning Microscope (CLSM) 
Microscopical analysis of the final gels was performed by using Confocal Laser Scanning 
Microscope (CLSM) (LSM 710, Zeiss, Germany) to obtain visual perspective on the 
sample gels.  Rhodamin B was used to stain the proteins for microscopic visualisation. 
Samples were prepared by adding 10 µl of Rhodomin B solution (0.1 % w/w in water) to 
1000 µl of samples collected just after the addition of the starter culture. After vortexing, 
300 µl of the stained sample was pipetted to microscopy slide with Pres-to-Seal
TM
 
(Molecular Probes, Eugene, OR, USA) silicone isolator with adhesive (20 mm diameter, 
1,0mm deep) surface. Sample solutions were then closed with a cover glass and nail polish 
to prevent evaporation and incubated at 42 °C, until the pH 4.5 was reached. At the end of 
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fermentation, microscopy slides were placed in to fridge for 5-10 min for rapid cooling. 
The plates were viewed with CLSM by using He-Ne laser, 543 nm, for excitation. Final 
images were snap shots from different places of the sample.  
3.2 RESULTS  
3.2.1 Dispersion properties 
Colloidal state of soy proteins in water 
Particle size of the SPI dispersion was measured to follow size reduction by 
homogenization. It was also of interest, whether all of the dispersed protein was soluble at 
molecular level or whether larger colloidal particles were formed by homogenization. The 
effect of homogenization on particle size distribution of SPI is shown in figure 3A-B. 
 
Figure 3. Effect of high pressures (A) and effect of centrifugation after homogenization (B) to SPI in distilled 
water. 
 In the only mixed sample, a bimodal distribution was found. By homogenization, the peak 
(50-500 µm) was steeply decreasing already with 200 bars, and with 400 bar no trace of 
the large particles was left. Homogenization had also some effect on the size of the smaller 
particles reducing their size clearly bellow 1 µm. No further effect of pressure was found 
with the small particles. Homogenization decreased particle size and increased the amount 
of small particles. Centrifugation narrowed the distribution apart of the pressure 
(figure 3B).  
From figure 4 can be seen that centrifugation and filtrating (paper nro. 1, qualitative 
∅11cm, Whatman International, England, UK) affected slightly on particle size distribution 

















































centrifuged and paper- filtrated results. During centrifugation or just after mixing, some 
aggregation might have happened to cause increase in amounts of large particles. Some of 
the large particles were removed thus increasing the proportion of small ones.  
 
Figure 4. Particle size distribution of non-homogenized sample, mixed, centrifuged and paper- filtrated 
samples. 
 
Protein content in the different size fractions was determined to evaluate the presence of 
colloidal particles versus fully dissolved soy proteins. Figure 5 shows the distribution of 
protein sequential size fractions of SPI-water dispersion. With homogenized samples the 
amount stayed around 80 %, except in the final filtration (0.1 µm) when it came down to 
40-50 % for 200 and 400 bar homogenized samples. Until the first filtration (0.45 µm) only 
small difference between the three pressures was observed. In the last filtration only the 
smallest particles are present and seen from the protein concentration results. It could be 
suggested that based on these results, only about half of the proteins are staying as small 
particles.  Deviation between some of the results is considerable. In other hand, deviation 


























Figure 5. Amount of protein (%) in soy protein isolate (SPI) mixed with water, analysing particle size 
distribution with homogenisation versus filtration. 
 
Colloidal state of soy proteins in lactose fraction 
SPI was also mixed with the lactose fraction for colloidal studies to evaluate the effect of 
milk salts and lactose on colloidal stability of SPI. Results from particle size and protein 
concentration are shown in figures 6 and 7. 
From figure 6 the effect of treatments to SPI in lactose fraction is shown. As expected, 
homogenization decreased particle size from 80-200 µm of mixed samples to 50-500 nm 
particles, (figure 6). Between different homogenization pressures (200 bars, 400 bars and 
800 bars) only slight difference was observed; 800 bars homogenization produced more of 
the smaller particles than the other pressures. Comparing pressures with each other, the 
800 bar produced with every step of treatments the highest amount of small particles (data 
not shown). However, 200 bar pressure was in this case sufficient to remove the large 
particles. Centrifugation increased the relative amount of the small particles produced after 
pressure treatment (data not shown). Filtrations didn’t affect significantly particle size 
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Figure 6. Particle size and its distribution before (mixed) and after homogenization (with different pressures) 
from soy protein in lactose fraction: homogenization decreased particle size significantly and centrifugation 
increased the amount of small particles (~100 nm).  
 
Figure 7. Protein concentration of SPI in lactose fraction. 
 
Total protein contents of the homogenized/mixed samples were found to be higher than 
100 %. Deviation in figure 7 probably arises from the fact that another protein (BSA) was 
used for creating the standard curves in the Lowry method used for protein concentration 
determination. Amounts are considered as 100 %. Between pressures there are some 
differences but a trend can be seen from all of them (figure 7): protein concentration 
decreases from homogenized to filtrated, indicating that considerable amount of protein 
existed as larger aggregates not revealed by particle size analysis due to high dilution 
(~1:1000) 
Colloidal state of oat proteins 
Colloidal state of the oat proteins were analysed only by analysing the particle size 
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most of the particles under 30 µm when only mixing the sample. Especially when 
compared to SPI in lactose fraction where a large peak was observed around 100 µm, was 
missing from the oat sample. Oat particles were also affected by homogenization as were 
the SPI; decrease in particle size and increase in volume of small particles were observed 
(figure 8). However, despite the homogenization, a population of particle above 1µm 
remained, most likely reflecting the residual starch granules in oat protein concentrate.  
 
 Figure 8. Particle size distribution of Oat in lactose fraction. 
 
Proteins in the dispersion sample 
SDS-PAGE 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used to 
investigate the effect of heat treatment on the molecular state of the proteins. By using both 
reducing and non-reducing sample buffer the molecular weight of the proteins and their 
S-S linked oligomers can be seen. Results are shown in figure 9 and the order of the 






























Table 13. Order of the samples in SDS-PAGE.  
Well 1 2 3 4 5 6 7 8 9 10 11 12 








Contitions Non-heated  Heated 
 
          kDa           1      2     3       4      5       6      7     8     9    10     11    12   
                  
                   
Figure 9. SDS-PAGE results for oat, SPI, SMP and their mixes of oat-SMP 50:50 and SPI-SMP 50:50 for 
both non-heated (wells 1-6) and heat treated (wells 8-12). Both were after homogenization of 400 bar. In 
addition experiment was done with both reducing (Gel 1) and non-reducing (Gel 2) SDS solution.  
 
In the reducing SDS-PAGE gel, oat sample (figure 9, Gel 1, lane 2) revealed two main 
bands being the α- (32 – 43 kDa) and β-polypeptides (19 – 25 kDa) of the oat globulin. Soy 
glycinin’s acidic (α) and basic (β) polypeptides are also observed in reducing SDS-PAGE 
(figure 9, Gel 1, lane 3) at similar molecular weights to oat globulin polypeptides. The 
lowest intense band observed in SPI sample is located on the height of the glycinin’s base 
pair (molecular weight of ~20 kDa) (Lakemond 2001). The bands at higher molecular 
weights, between 53 – 96 kDa markers belong to the β-conglycinin of soy proteins. In 
SMP, the bands around 28 – 36 kDa are the αs-, β- and κ-caseins. The lower bands at 
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respectively. After heat treatment, no significant change was observed in any of the oat, 
soy or milk proteins and their combinations as analysed by reducing SDS-PAGE.  
Heat-induced aggregation of proteins involves increased hydrophobic interactions and 
formation of inter-molecular disulphide bridges and effects of such bonds cannot be 
analysed in reducing conditions. Thus, electrophoresis was also performed at non-reducing 
conditions (figure 9, Gel 2). Acidic and basic polypeptides of oat globulins and soy 
glycinins are connected to each other by one disulphide bridge, forming a subunit. Thus, in 
non-reducing SDS-PAGE we observe single bands around 54 kDa for both proteins. In SPI 
sample, high molecular weight aggregates which were not able to enter the gel 
(accumulated in the well) were visible in heat-treated (Gel 2, lane 9) but also in non-heated 
(Gel 2, lane 3) sample. Presence of inter-subunit disulphide bridges between soy β-
conglycinins in native state but also increased with microfluidization (high pressure 
homogenization) and high temperature heat treatment was previously reported (Shen and 
Tang, 2012). For milk proteins, the effect of heat treatment was evident by loss of the β-
lactoglobulin and partly α-lactalbumin bands and formation of aggregates that were not 
able to enter the gel (gel 2, lane 10). Denaturation of whey proteins upon heat treatment 
leads to aggregation of whey proteins through disulphide bridges with themselves or with 
κ-caseins (Lucey and Sigh 2003). Analysis of the SMP-Oat and SMP-SPI 50:50 
combinations by SDS-PAGE was performed to see if proteins from different sources also 
interact and link with each other by disulphide bonds upon homogenization or heat-
treatment. No such bands which do not belong to either of the proteins in the sample were 
observed in the lanes (Gel 2, lanes 11, 12). 
3.2.2 Gelation properties 
  
Rheology properties of fermented samples  
Rheological measurements are one of essential way of describing gels and their formation. 
Elastic shear modulus or stiffness of the gel can be determined by measuring the ratio 
between applied shear stress over resulting strain (Walstra et al. 2006). 
Some main parameters describing rheological behaviour of the measured matrix are 
elastic/storage modulus G´ (measures the energy stored per oscillation cycle), G´´ 
(viscous/loss modulus meaning the energy dispelled as heat per cycle) and also tan δ (loss 
tangent, describing the ratio between G´ and G´´) (Lucey and Singh 2003). As G´ and G´´ 
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start to increase, tan δ (being G´´/G´) makes a sharp decrease at the gelation point 
reaching 1. Rheological characteristics of acid induced milk gels are suggested to relate to 
the type and number of formed bonds between the casein micelles but also holding the 
micelle structure together. Results from sample gelation properties are summarized in 
table 14. 
As shown in table 14 that SMP sample started to form the gel network later that the other 
samples, after more than 2 hours of fermentation. It also had almost the lowest gelation pH. 
SPI was the first to start gelation, only after 55 min. The gelation pH was also the highest. 
The oat-SMP sample showed the lowest final G´ among samples. Gelation pH of the oat-
SMP sample was similar to SMP however the final G´ was considerably decreased 
indicating of different gel network characteristics.        
Results in rheology measurements are described with G´, G´´, tan δ and pH development 
(figure 10). Results are represented by showing two repeats of the measurements per 
sample. Gelation point, where G´ and G´´ start to rise or when tan δ=1 is marked with a 
vertical line. Curves indicate different gel characteristics between milk soy and oat 
samples. When comparing the SPI and SMP the difference between the curves is most 
clear. The pH decrease is slower with SMP, gelling starts later, after about 138 min of 
fermentation and gelation pH is lower (at pH 5.5) than with SPI where gelation started in 
one hour, at pH 6, respectively. Also the tan δ for SMP has characteristical bump after the 
gelation point. First gel network starts to form (fast decrease in values after tan δ=1) and 
then the bump indicating of some rearrangements in gel network. When fermentation (and 
gelation) goes further, the bump flattens. In SPI sample tan δ has no bump indicating that 
when the gel is formed it stays as it is without rearrangements. The characteristics of the 
two, SPI and SMP, are reflected to other samples where they are mixed in different ratios. 
The higher the SPI concentration in the sample the less was the gel network prone to 
rearrangements after gelation point. The oat sample showed considerably lower final G´ 
values compared to SPI-SMP sample indicating formation of a weaker gel when milk 






Table 14. Gelation times and -pH of the samples, including the final G´ (measured after 355 min gelation). 
Milk sample was the last to start to gel whereas soy had highest gelation pH. 
 Gelation time (min) Gelation pH Final G´ (Pa, at 355 min) 
SPI 53 (± 4) 6.0 (± 0.1) 516 (± 33) 
SPI-SMP 75-25 80 (± 7) 5.9 (± 0.0) 555 (± 128) 
SPI-SMP 50-50 88 (± 11) 5.6 (± 0.3) 418 (± 2) 
SPI-SMP 25-75 100 (± 0) 5.6 (± 0.1) 642 (± 19) 
SMP 138 (± 18) 5.5 (± 0.1) 491 (± 137) 






































































































Figure 10. Rheological results on gelation of the samples SPI, SMP and their mixtures 75:25, 50:50, 25:75 
and oat:SMP 25:75. Curves on G´, G´´, tan δ and pH are representing two replicates on sample 





































































































































































































Structure of the fermented sample 
With confocal laser scanning microscope (CLSM) it is possible to view samples without 
disturbing the structure. Results describe set type gel structure after fermentation 
(figure 11). 
CLSM results support the rheology results (figure 10) giving visualization to sample 
structures. From figure 11 it can be seen that gel from SPI is homogenous and the pores are 
small. When the ratio of SMP increases, the network becomes more and more 
inhomogeneous and large pores become more dominant in the structure. From the oat 
samples, the 50:50 ratio sample shows particles are only aggregating and no real gel 
network is formed (figure 11). Because no actual gel formation was observed higher 
amounts than 50 % oat weren’t included to the experiment. With only 25 % of oat in the 
sample gel network can be observed (figure 11). This resembles the gel from only SMP 
present in the sample, though the network in oat containing sample seems to contain much 
thinner strands, smaller aggregates and less continuous network compared with SMP. 
 
              SPI                         75:25                         50:50                        25:75                         SMP 
      
                                                                                  Oat 50:50                      25:75                        SMP 
                                                                         
 






Texture was measured after the fermentation and removal of possible surface whey. 
Texture is described by the maximum force (N) needed to break the sample. Also the 
distance to this maximum force, which is an indication of elasticity was measured. Results 
are shown in figure 13 and 12. 
Figure 12 describes the textural analysis measurement as an example. Clear breaking point 
can be observed from the SPI curve and needed force and distance to its maximum can be 
defined. 
 
Figure 12. Texture analysing curve. Gel breaking point defines the gel strength with the force needed and the 
distance to maximum force applied.  
 
From the results of texture measurements it can be observed that SPI and SMP gels were 
the strongest ones (figure 13A). From the soy containing samples the 50:50 soy and milk 
was the weakest. However, significant differences between all the soy and skim milk 
including samples were not seen (p<0.05). The 25:75 oat sample was even weaker than the 
weakest soy sample. In this case 25:75 oat, soy 50:50 and 75:25 we statistically the same 
(p<0.05). The 50:50 oat-SMP could not be characterized as a gel after acidification, so 
needed force was significantly low, with no clear breaking point either so the measured 
distance was not very accurate in this case. Statistically, differences between all the 




















Figure 13 Texture analysis of the samples measured with needed amount of force to break the sample (A) and 
with the distance to the needed maximum force (B). Letters above the mean bars are indicating statistical 
similarities between the samples; when samples have same letter, they are not statistically different (p<0.05). 
 
Stability – Storage experiment 
The stability of the gels was determined in three week storage in temperatures below 7 °C. 
Measurement of syneresis and texture were done first after fermentation, then in seven day 
intervals, with last measuring point after 21 days storage. 
Interestingly, during the first week of storage, the amount of syneresis decreased on 
samples SMP 75 % or more (figure 14A). In the case of 50:50 sample the amount of 
separating whey didn’t change (p<0.05), however some significant changes occurred in the 
max force and distance to achieving it (increase of force and decrease of distance, p<0.05). 
Also skim milk sample was observed to be quite stable (p<0.05). In the sample with 75 % 
of soy, syneresis varied between measuring points (with significant differences in time 
p<0.05). In the soy sample syneresis increased gradually as experiment went on giving also 
significant differences in time (p<0.05). Considerable deviation between samples was 
observed in whey separation. At the end of the experiment samples didn’t differ from each 






































































All in all for the soy sample syneresis and force needed to break the gel increased in time 
as the distance to achieved maximum force decreased. These changes indicating hardening 
of the structure were found significant (p<0.05). For the 75 % soy sample force breaking 
the gel and distance to this point increased significantly only after one week of storing 
(p<0.05).   
 
Figure 14. Results of texture analysis syneresis from storage experiment. Gelated samples were held in 
temperatures below 7 °C for 21 days. Amount of syneresis (A), amount of needed force to break the gel 
structure (B) and distance to the maximum force (C). Symbols above the means, describe statistical 
similarities between the samples. Each sample has its own letter. Letters are the same for each sample, with 




























































































































Force needed to break the gel increased in SPI (significantly as p<0.05 between the first 
three measuring points) during storage indicating sample hardening of gel structure in time 
(figure 14B). With sample 75 % soy only the first measuring point was significantly 
different from the others (p<0.05), thus indicating change only during the first week of 
storage. For 50 % soy some significant changes occurred in time. As for the 25 % soy all 
measuring points were significantly different from each other (p<0.05). The skim milk 
sample stayed the same in all aspects during the experiment (p<0.05). Results indicated 
that most changes in the structure occurred during the first week of storing, after that the 
systems were rearranging only slightly. In the last measuring point 100 and 75 % soy 
differed significantly from the others (p<0.05) (appendix 2, force).  
While force needed to break the gel increased in storage for the SPI sample, also the 
distance to this point decreased (figure 14C), measuring points differed significantly from 
each other (p<0.05). With 75 % soy in the sample, significant difference in distance to max 
force was only observed during the first week of the experiment (p<0.05). In 50:50 soy and 
milk some significant changes occurred in this aspect during the experiment. For 100 and 
75 % skim milk the distance to maximum was constant during storage (p<0.05). When 
comparing samples to each other in the measuring day, significant differences between 
them was only observed in the final measuring point where sample with 25 % soy differed 
from others p<0.05 (appendix 2, distance to max. force). 
All in all for the soy sample syneresis and maximum force increased in time as the distance 
to maximum force decreased. These changes indicating hardening of the structure were 
found significant (p<0.05). For the 75 % soy sample the amount of separated liquid 
changed during the experiment significantly. Force breaking the gel and distance to this 
point increased significantly only after one week of storing (p<0.05). In the case of 50 % 
soy and milk sample the amount of separating liquid didn’t change (p<0.05), however 
some significant changes occurred in the max force and distance to achieving it (increase 
of force and decrease of distance, p<0.05).    
In the sample with 25 % soy liquid separation decreased and maximum force increased 
significantly as the distance to maximum force remained the same during the storage 






Preliminary sensory analysis was performed at Valio Ldt (Helsinki, Finlad) with panel of 
six persons. Fermented samples SPI, SMP, and mixed in the ratio 50:50 and oat sample 
25:75 were tested for their general appeal. Samples were to be graded from 1 to 5 where 1 
was least and 5 most appealing. Results of the averages are show in figure 15 and open 
comments in table 15. 
Samples divided opinions on their general appeal (figure 15, table 15). The panel was not 
unanimous. However the oat sample was most disliked. All in all the soy and mixture of 
soy and skim milk samples were found comparable with the ´normal yoghurt´ in general 
appealing.    
From the free comments of the panel can be noticed that in the oat sample the off-taste was 
observed (table 15). With the 100 % soy sample there was a strong soy taste which was 
substantially ´diluted´ to pleasant in the 50:50 SPI sample.  
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Table 15. Free comments of the samples tested in the sensory analysis. 
SPI-SMP 50-50 SMP OAT-SMP 25-75 SPI 
Nice appearance, 
smooth, soft taste, best 
when compared to others 
Surface whey, mild taste Syneresis, offtaste, bitter 
viili like structure, 
"slimy" mouthfeel 
Strong taste, good 
structure 
No syneresis, taste very 
mild and pleasant 
Syneresis, mild taste Very mild taste, 
syneresis, no offtaste 
No syneresis, soy taste 
clear, taste however mild 
Sweet but acid taste, 
good and smooth 
surface, homogenous, 
smooth mouthfeel 
Syneresis, not acid or 
sweet smell, viili like 
structure, some floury 
mouthfeel 
Syneresis, strong off-
taste, not yoghurt 
Smooth structure, very 
homogenous, cereal 
taste but not bad 
No syneresis, smooth, 
acid, astringent 
Syneresis, grainy but not 
bad, taste and smell good 
The most syneresis, 
bitter taste, mouthfeel 
and smell ok 
No syneresis, smooth, 
mouthfeel is good but 
taste or smell not 
appealing 
Mild acid smell, no 
syneresis even with 
cutting, even appearance 
Yoghurt smell, whey on 
top, griny mouthfeel, 
taste ok 
Yoghurt smell, less 
strong, whey on top, viili 
-like elastic structure 
Sour but mild yoghurt 
smell, no surface whey, 
crunchy structure, sweet  
Smooth mouthfeel, 
pleasant taste, no 
syneresis 
Syneresis, yoghurt like 
taste 
Bitter but mild taste Good structure, no 
syneresis, soy taste 





















Effect of treatments prior gelation 
Colloidal stability is one of the preconditions for gelation of dispersion. If the dispersion is 
not stable and particles are for example sedimenting, network covering the whole 
dispersion can’t form. Particle size often correlates with colloidal stability (Lin et al. 2012). 
Skim milk is a stable solution in room temperature and in its natural pH. The protein 
particles in skim milk are mostly spherical casein micelles with diameter range of 50-500 
nm.  
With homogenization the particle size can be reduced and a stable dispersion is produced 
as a result. The soy and oat samples in the experiment were found unstable when powders 
were only mixed to distilled water or lactose fraction. In the colloidal study, different 
pressures were studied to reduce the particle size sufficiently. Results indicated that 
homogenization at 400 bar, 10 min was enough to dispose the large particles (size around 
100 µm). 
In milk gel formation by acidification (whey) protein unfolding with heat treatment is a 
prerequisite for achieving optimal yoghurt structure (Lin et al. 2012). Interactions between 
caseins and whey proteins are a key factor in gelation.  
Soy glycinin consist of two types of polypeptides; acidic and basic polypeptides which are 
joint together by single disulphide bridge (with exception of acidic polypeptide A4) 
(Renkema and van Vliet 2002). It is suggested that glycinin breaks into its subunits and 
rearranges when heat induced gel is being formed. β-conglycinin is less heat-stable than 
glycinin. It unfolds at about 70 °C whereas glycinin unfolds 80 °C, at neutral pH, without 
added salts. Heat denaturation has been observed to be a prerequisite for gel formation 
(Lakemond 2001; Renkema and van Vliet 2002). Thus, with the heating temperature 
(90 °C) used in the present study, soy proteins as well as whey proteins are denatured. 
The proteins can be separated according to their molecular weight by using gel 
electrophoresis. Molecular state in presumably native conditions and after heat-induced 
denaturation of the sample proteins can be observed from the results of SDS-PAGE 
experiment figure 9. High molecular weight aggregates were observed in SPI samples. 
When pH is neutral and protein exposed to heating, disulphide bridges holding the pairs 
together are broken. In Lakemond’s thesis (2001) solubility of glycinin was found to be 
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100 % prior to heating in all ionic strengths (0.5, 0.2 and 0.03 M) as pH was neutral. After 
heating, half of the protein was still soluble indicating the amount of native protein but the 
other half was insoluble indicating aggregation.  
No additional bands due to disulphide linkages between different sourced proteins were 
observed, yet they might exist in the high molecular weight aggregates that did not enter to 
the gel. Even if they did not form covalently linked aggregates (or it was not possible to 
analyse with this method), it is possible that different proteins interacted with each other by 
physical means. In fact, when heating, milk and soy proteins together, formation of large 
aggregates possibly via disulphide bridges or by other non-covalent interactions between 
whey, soy and some of the caseins was reported (Roesch and Corredig 2005). Upon 
acidification the already formed aggregates are included into the protein network.  
Gelation of the samples 
Gelation was investigated using rheological measurements and kinetics of pH drop. 
Development of the elastic modulus G´, viscous modulus G´´ and loss tangent tan δ in 
acidification indicate the interactions taking place in gelation and simultaneously giving 
information about viscoelasticity of the resulting gel. 
According to Lakemond (2001) in soy β-conglycinin, glycinin and a few of their subunits 
are responsible for gel formation. Non-covalent interactions; electrostatic, hydrophobic 
interactions and hydrogen bonding are significant for gelation of soy protein isolate. 
Disulphide bridges are not involved in gelation of β-conglycinin, however, they were 
shown to exist in heat induced gelation of purified glycinin and soy protein isolate.   
In milk gelation caseins start to aggregate as their isoelectric points are approached. The 
colloidal calcium phosphate becomes soluble, the hairy Κ-casein layer is lost and protein 
network of casein and whey is formed via physical interactions such as hydrophobic, 
electrostatic interactions, van der Waals attractions. In heat treated milk disulphide bridges 
also contribute to gel network due to denaturation of whey proteins. In the acid milk gels 
produced from heated milk, whey proteins enhance the gel structure; they increase the 
firmness and reduce syneresis (Roesch et al. 2004). After gelation point (rapid increase of 
G´ and when tan δ=1) gel is not set and the particles are still rearranging. As shown in 
figure 10 this indication of changes in the matrix is observed from a bump in both G´ and 
tan δ curves after the milk gelation point (depending on the gelation temperature, 
composition etc.). This was not seen in soy gelation. With the mixed gels the 
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characteristical bump for milk gelation decreased gradually as the amount of milk, and 
thus, casein micelles, decreased in the sample (figure 10). 
Comparing tables 14 and 15 the isoelectric point of the main proteins in the sample can 
give some indication to differences between gelation characteristics. Conglycinin which is 
the main protein in soy has relatively high isoelectric point and thus coagulates more 
quickly than milk´s main protein casein (isoelectric point at pH 4.6) when acidified. Oat on 
the other hand has about the same isoelectric point as conglycinin, but it took twice the 
time to start to gel when comparing SPI and Oat-SMP samples.  
Table 15. Isoelectric points of the main proteins of the samples used in this study. 
 Isoelectric point (pI) Reference 
Soy ~5.5 Renkema et al. 2002 
Casein 4.6 Walstra et al. 2006 
Oat (Globulin) ~5.5 Klose and Arendt 2012 
 
The gelation of soy proteins started only after 55 min of fermentation and thus, was the 
first sample to gel (table 14). The gelation time increased as the proportion of skim milk 
increased in the samples and finally, the gelation of skim milk was observed to start latest. 
It took over two hours fermentation for gelation point (table 14). This might be due to the 
fact that soy proteins isoelectric point is higher (~5.5, Renkema et al. 2002) as compared 
with pI of caseins 4.6 (table 16). In addition it is suggested that soy proteins form 
aggregates with each other and/or together with milk proteins already when heat treated. 
Then the aggregates are incorporated to the acid induced gel network and, thus parts of the 
network are already achieved prior acidification. Higher ash content in SMP sample is at 
least partially explained by the higher amount of buffer salts in milk, which contributes to 
the amount of acid needed for pH drop. 
To certain concentration soy protein are reported to be well incorporated into acidified 
casein network without significant changes in the structure. Up to certain ratio the soy 
proteins act as enhancers, strengthening the structure. It is also suggested that milk proteins 
play a significant role in network structure formation of the mixed protein gels (Roesch 
et al. 2004; Lin et al. 2012). In all of the samples the tan δ and pH curves flattened to 
around the same area, to pH 4.5 (most probably due to pH tolerance of the starter culture). 
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Differences were seen from kinetics of gelation (comparing the SPI, SMP, oat and their 
mixtures), but also in the final G´ and G´´ (figure 10). 
In the experiment the final G´ was observed to be the lowest in the 50:50 sample, when 
comparing the SPI, SMP and their other mixtures (figure 10). G´ can also reflect some of 
the firmness properties of the system and rheology results of the 50:50 sample were 
supported by the textural experiment as the same gel was found to be the weakest of soy 
containing samples.    
Roesch and Corredig (2005) didn’t observe significant difference in final G´s between the 
tested samples (in ratios soy:whey; 0:100, 10:90, 30:70, 50:50, 70:30 with 6 % total protein 
concentration) with the exception of 70:30 soy:whey. These similar values in final G´s 
indicate similar gel strength and mechanical behaviour. However, a later study by the same 
authors (2006) reported that regardless the soy-milk ratio the acidified gels have similar 
mechanisms and up to certain ratio point and soy enhances the gel strength when 
incorporated in casein-whey system.  
Structure of the protein gels 
Gel structure and the difference between samples can be clearly visualized from CLSM 
pictures (figure 11). Soy proteins formed homogenous gels. When quarter of milk was 
added, pictures show random pores in the gel structure. When going towards the milk 
sample, where only quarter of soy is present, the pores have taken over in the structure. It 
is suggested by Tamine et al. (2007) that these pores are occupied by the bacteria. When 
the bacteria is capable to encapsulate itself, (casein) proteins can’t penetrate to places that 
these bacteria´s have occupied the space. During the beginning of fermentation the bacteria 
multiplies leading eventually to the porous structure which is common in yoghurt structure 
(seen from SMP´s picture). In the soy case the heat treatment already causes some gelation 
of the protein. Thus, some of the network is already formed prior to the inoculation leaving 
less space for the bacteria to move and occupy larger colony areas. Further, tighter network 
is formed and observed from the SPI samples CLSM pictures.  
The soy and milk gels were found to be the strongest in the texture experiment, but weren’t 
significantly different from other soy including samples (figure 13). The gel with 50:50 of 
both milk and soy was found to be the weakest (although statistically the 50:50, 75:25 soy 
and 25:75 oat:SMP samples were the same). From the CSLM results (figure 11) it would 
be expected that the gel with a quarter of soy would be the weakest since the pore size can 
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be directly linked to the weakness of the structure (Tamine et al. 2007). The results from 
texture analysis are supported by the final G´ values (figure 10). As the considerably 
weakest gels were soy 50:50 and oat 25:75, their final G´ values are also the lowest. The 
final G´ was around 500 Pa for both soy and skim milk, which were found similar also in 
texture analysis. The difference between these parameters is that G´ describes how much 
energy is stored to the bonds holding the structure together. The maximum force describes 
how much force is needed to break these bonds. 
In their article Roesch et al. (2004) state that the ratio of skim milk and soy protein in 
acidified gel affects the microstructure and viscoelastic properties of the resulting gel. Also 
the actual interactions between soy and milk proteins are dependent on the ratio, 
respectively. Thus, as stated above, the instability of soy proteins at high pH and the heat 
treatment affects to the gelation and to the final structure.  
Firmness of the glycinin gel was determined by Lakemond (2001). Experiment was 
performed with 10 % of the gel matrix and in 20 °C temperature. The elastic modulus G´ 
was determined as function of ionic strength, 0.2 M and pH 3.8 gave the stiffest gel. In this 
molarity also firmness of the gel was the highest (when in neutral pH). When ionic strength 
was increased to 0.5 M the stiffness of gels in both pHs decreased significantly. Lakemond 
(2001) also observed that as protein concentration increased the gel stiffness increased 
(measuring points from 5 % to 15 % (w/v)). Lowest G´ was observed on 0.03 M gel and 
the highest on 0.2 M gel. The main points however which influence are the number and 
type of the bonds formed in the strands but also the size of the primary particles (colloidal 
stability aspect).  
Stability – changes in firmness and water holding capacity of the soy-milk gels 
Changes occurring during storage are essential properties for food products. Amount of 
syneresis and textural properties were measured from the gels prepared of soy, skim milk 
and their mixtures.  
Directly after fermentation samples with soy 75 % or more had good water holding ability 
and no water on top of the gel was observed. Respectively samples 75 % or more SMP 
were found with the most liquid separating (figure 14). The CLSM results support this 
showing the smaller gel pores than in the other samples (figure 11). The pore size of the 
gels correlates with syneresis in addition to firmness of the structure (Tamine et al. 2007). 
67 
 
Large pores give less support to the structure and thus the structure is more easily 
collapsed and water let out.  
All in all for the soy sample syneresis and force needed to break the gel increased in time 
as the distance to achieved maximum force decreased (figure 14). These changes 
indicating hardening of the structure were found significant (p<0.05). Sample with 75 % 
skim milk, whey separation decreased and force breaking the gel increased significantly as 
the distance to maximum force stayed the same during the storage experiment. The skim 
milk sample stayed the same in all aspects during the experiment (p<0.05). Results 
indicated that most changes in the structure occurred during the first week of storing, after 
that the systems were rearranging only slightly.  
It could be suggested that addition of soy improves the water holding capacity of the gels 
as it does for gel structure go to a certain ratio (Roesh and Corredig 2006). Sample with 
50:50 soy and milk was found the weakest in textural analysis (figure 13), but the sample 
with only quarter soy had the largest pores in its structure (figure 11). However, in the 
storage experiment samples with 75 % or more soy had the least syneresis until the last 
measuring point where the differences between the samples had evened out (p<0.05) 
(figure 14). These samples were also found to be the hardest ones through the experiment. 
Interesting thing was that the 50:50 -sample had only minor changes in syneresis and 
firmness. On firmness point of view also the samples 75 % or more milk stayed also quite 
the same. 
Soy protein isolate was found to be more efficient in reducing syneresis and increasing 
viscosity than sodium caseinate by Roech and Corredig (2006). Soy protein also improved 
the gel strength. These effects were seen from increased elastic modulus G´ and with pH 
onset of gelation. The cause was suggested to be the adsorption of soy proteins to casein 
micelle or in other hand that soy proteins would just be entrapped in the casein network 
preventing the strong casein-casein interactions (Roesch and Corredig 2006). 
Lakemond (2001) also studied water holding capacity of glycinin gels. However this was 
done by centrifugation and only with 10 % of the gel. Experiment was performed to 
compare the effects of pH (pH 7.6 and 3.8) and ionic strength (0.03, 0.2 and 0.5 M). 
Results showed that as ionic strength of the gel material increased, the water holding 




Protein-polysaccharide interactions  
The gelling of the oat sample, the slow development of G´ and its low final value could be 
due to presence of starch in the sample (figure 10). For the sample with quarter of oat, G´ 
was the lowest of all samples. This was supported by the textural experiment as oat-SMP 
was found the weakest from all samples in textural analysis (sample with 50:50 oat-SMP 
could not be characterized as a gel). However there was no statistical difference between 
75:25, 50:50 soy and 25:75 oat samples (p<0.05).  
The oat (25 %) gel was different compared to others. This could be to some extent be 
explained by the impurity of the powder; 60 % protein and in the rest other components, 
most likely mainly starch (~40 %). Starch reacts to the combination of moisture and 
heating. The starch granules absorb water molecules and swell finally forming a network 
of broken and unbroken granules (Salovaara 2007). This reaction takes place for example 
in porridge making. Thus, also in the oat samples some of the network is formed prior 
fermentation. Though, with soy this was observed to be more extensive and caused by 
different interactions.  The image of oat gel (25:75) shows some homogeneity of the 
structure with aggregates (figure 11). 
As discussed in the literature part, foods compose of many interacting components which 
affect the structure of the product. In their research Hua et al. (2003) stated that in gelation 
of protein-polysaccharide mixtures three different kind of patterns are generally formed: 
formation of covalent bonds between two polymers; polyanion-polycation electrostatic 
interactions; formation of composite gel due to mutual exclusion of each component. 
Protein-polysaccharide interactions could be simple way of modifying functional 
properties of soy protein. 
Protein-polysaccharide mechanisms were also studied by Nunes et al. (2003). They used 
with milk lupin, pea and soy protein isolates together with xanthan gum, Κ-carrageenan, 
low acyl gellan gum and native maize starch in order to produce similar gels that are in 
dairy desserts. Pudding gels were heat induced and Κ-carrageenan or gellan gum was 
present with plant protein would be good replacements for animal based proteins. In 
rheological results of the mixed gels, a typical weak gel structure and shear-thinning 
behaviour was observed.  
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This supports the results from oat gels in the experimental part for rheology. In the 
presence of the polysaccharide the produced oat was the weakest gel compared to all other 
samples (figure 10). 
Furthermore, oat proteins as such do not possess good gelling ability. According to Bekers 
et al. (2001) with addition of transglutaminase could improve gelation properties of oats 
(Avena sativa L.)  globulin and  gelation could thus be achieved at neutral pH. Behaviour 
of oats globulin in lactic-acid fermented oats bran, non-dairy yoghurt type products was 
studied by Loponen et al. (2007). In their article Loponen et al. (2007) stated that oat 
globulins denaturate under 100 °C in neutral pH. At 110 °C denaturation is quick. This 
suggest´s that temperature used in the experiment (90 °C) was not able to denaturate the 
oat globulins, which kept their structure folded and their hydrophobic part less exposed 
resulting in weaker gels. 
Addition of oat β-glucan to acidified skim milk gel was tested by Lazaridou et al. (2008). 
The β-glucan inhibited the forming of casein network, thus weakening the resulted gel. It 
interfered with the protein particle aggregation due to incompatibility of proteins and 
polysaccharides. In the article it is however suggested that hindering effect of the β-glucan 
could be reduced by using β-glucans with certain molecular characteristics (high molecular 
weight or low molecular weight with/or high DP3/DP4 ratio). By that way the high 
viscosity development could be even increased. However, the oat protein concentrate of 








The colloidal stability of the protein dispersions is a prerequisite for formation of 
homogenous gel structures upon acidification. Milk is naturally a stable colloidal 
dispersion of casein particles, however, plant proteins, soy and oat studied in this thesis, 
are generally poorly soluble at neutral pH and do not form stable dispersions. Particle size 
of the dispersion is directly linked to colloidal stability. In this study, it was shown that 
decreasing the particle size by homogenization at 400 bars was a perquisite for obtaining 
stable dispersions which do not sediment in time. However lower pressures could also be 
sufficient in reducing the particle size. Fermentation studies showed that substitution of 
milk proteins with soy protein isolate (SPI) at a ratio of 50 % or higher resulted in gels 
with comparable firmness to milk gels yet showed considerably decreased liquid 
separation. Moreover, only minor changes took place during storage of the SPI mixed with 
skim milk (SMP) gels in terms of gel firmness and syneresis. The sensory panel also 
indicated good general appeal for the fermented milk gel where 50 % of the proteins were 
replaced with SPI compared to the other samples. This is an important result on consumer 
prospect. Also in storage experiments, 100 % SPI gel showed the least whey separation. 
Based on CLSM figures, the gel networks of the gels that contained 75 % or more of SPI 
showed a homogeneous and dense network of proteins with only few or no pores 
indicating a firm structure which can also entrap water efficiently. 
Heat-induced protein denaturation is known to enhance the structural characteristics of 
acidified milk gels. The denaturation of soy and whey proteins with the heat treatment used 
in this study (90C, for 5 min) contributed to the gel formation dynamics and the gel 
structure. When milk proteins were substituted with oat proteins, the resulting gels were 
considerably weaker. Oat proteins at a ratio of 50 % substitution even disrupted the protein 
network in milk gel. One reason for that might be that the heat treatment at 90 C was not 
enough to denaturate the highly heat stable oat proteins and thus, were responsible for the 
weakness of the oat protein gels. The other reason could be the presence of non-protein 
components (around 40 %) in the oat protein concentrate powder which affect to the gel 
characteristics negatively. For example the starch in the oat samples had significant effect 
on the gelation kinetics and the gel structure, possibly due to sedimentation. 
Even though, the structure alongside other characteristics of the product is important, the 
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Prestained SDS-PAGE standard (Biorad, USA) 
Protein Weight (Daltons) 
Myosin 202 403 
β-galactosidase 114 802 
Bovine serum albumin (BSA) 73 058 
Ovalbumin 47 891 
Carbinic anhydrase 34 111 
Soybean trypsin inhibitor 27 046 
Lysozyme 17 014 





Statistical - storage 
 
Summarizing statistical storage results  
SYNERESIS 0 days 7 days 14 days 21 days 
SPI A1 A1, A2 A2, A3 A3 
SPI-SMP 75:25 B1 B3 B1, B2 B2, B3 
SPI-SMP 50:50 C1 C1 C1 C1 
SPI-SMP 25:75 D1 D2 D3 D3 
SMP  E1 E1 E1 E1 
FORCE 
SPI A1 A2 A3 A3 
SPI-SMP 75:25 B1 B2 B2 B2 
SPI-SMP 50:50 C1 C2 C1, C3 C2, C3 
SPI-SMP 25:75 D1 D2 D3 D4 
SMP  E1 E1 E1 E1 
DISTANCE TO MAX. FORCE 
SPI A1 A2 A2, A3 A3 
SPI-SMP 75:25 B1 B2 B2 B2 
SPI-SMP 50:50 C1 C2 C3 C2, C3 
SPI-SMP 25:75 D1 D1 D1 D1 




Syneresis (S, soy) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 6,375 3 2,125 10,820 ,003 
Within Groups 1,571 8 ,196   




Samples (2, S, soy) N Subset for alpha = 0.05 
1 2 3 
101 (0 day) 3 ,00000   
111 (7 day) 3 ,67767 ,67767  
121 (14 day) 3  1,35200 1,35200 
131 (21 day) 3   1,94733 






Syneresis (S, 75:25) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 9,738 3 3,246 12,148 ,002 
Within Groups 2,138 8 ,267   
Total 11,876 11    
 
Syneresis (Soy, 75:25) 
Tukey HSD 
Samples (2, S, 75:25) N Subset for alpha = 0.05 
1 2 3 
102 (0 day) 3 ,00000   
122 (14 day) 3 ,77733 ,77733  
132 (21 day) 3  1,87167 1,87167 
112 (7 day) 3   2,28667 
Sig.  ,323 ,118 ,763 
Means for groups in homogeneous subsets are displayed. 




Syneresis (S, 50:50) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,204 3 ,068 ,180 ,907 
Within Groups 2,648 7 ,378   
Total 2,852 10    
 
Syneresis (Soy, 50:50) 
Tukey HSD 
Samples (2, S, 50:50) N Subset for alpha = 0.05 
1 
133 (21 day) 3 1,77067 
123 (14 day) 3 1,91033 
103 (0 day) 2 2,03550 
113 (7 day) 3 2,12167 
Sig.  ,909 
Means for groups in homogeneous subsets are displayed. 






Syneresis (S, 25:75) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 42,067 3 14,022 53,620 ,000 
Within Groups 2,092 8 ,262   
Total 44,159 11    
 
Syneresis (S, 25:75) 
Tukey HSD 
Samples (2, S, 25:75) N Subset for alpha = 0.05 
1 2 3 
134 3 2,25800   
124 3 2,30800   
114 3  4,12467  
104 3   6,85667 
Sig.  ,999 1,000 1,000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 3,000. 
 
ANOVA 
Syneresis (S, SMP) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 6,266 3 2,089 ,749 ,557 
Within Groups 19,528 7 2,790   
Total 25,794 10    
 
 
Syneresis (S, SMP) 
Tukey HSD 
Samples (2, S, SMP) N Subset for alpha = 0.05 
1 
115 3 3,33467 
125 3 3,53667 
135 3 4,00767 
105 2 5,46800 
Sig.  ,498 
Means for groups in homogeneous subsets are displayed. 







Force (S, soy) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,027 3 ,009 44,563 ,000 
Within Groups ,001 7 ,000   
Total ,028 10    
 
 
Force (S, soy) 
Tukey HSD 
Samples (2, S, soy) N Subset for alpha = 0.05 
1 2 3 
101 3 ,27667   
111 3  ,33533  
121 2   ,38950 
131 3   ,39800 
Sig.  1,000 1,000 ,896 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,667. 
b. The group sizes are unequal. The harmonic mean of the group sizes 
is used. Type I error levels are not guaranteed. 
 
ANOVA 
Force (S, 75:25) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,004 3 ,001 44,520 ,000 
Within Groups ,000 5 ,000   
Total ,004 8    
 
Force (S, 75:25) 
Tukey HSD 
Samples (2, S, 75:25) N Subset for alpha = 0.05 
1 2 
102 2 ,28600  
132 3  ,32700 
112 2  ,33950 
122 2  ,33950 
Sig.  1,000 ,189 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,182. 
b. The group sizes are unequal. The harmonic mean of the 





Force (S, 50:50) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,028 3 ,009 36,723 ,000 
Within Groups ,002 7 ,000   
Total ,030 10    
 
Force (S, 50:50) 
Tukey HSD 
Samples (2, S, 50:50) N Subset for alpha = 0.05 
1 2 3 
103 2 ,19100   
123 3 ,21700 ,21700  
133 3  ,25567  
113 3   ,32700 
Sig.  ,315 ,097 1,000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,667. 
b. The group sizes are unequal. The harmonic mean of the group sizes is 
used. Type I error levels are not guaranteed. 
 
ANOVA 
Force (S, 25:75) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,009 3 ,003 44,833 ,000 
Within Groups ,001 8 ,000   
Total ,010 11    
 
Force (S, 25:75) 
Tukey HSD 
Samples (2, S, 25:75) N Subset for alpha = 0.05 
1 2 3 4 
104 3 ,21567    
124 3  ,24300   
114 3   ,26767  
134 3    ,29100 
Sig.  1,000 1,000 1,000 1,000 
Means for groups in homogeneous subsets are displayed. 






Force (S, SMP) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,000 3 ,000 ,245 ,862 
Within Groups ,002 6 ,000   
Total ,002 9    
 
Force (S, SMP) 
Tukey HSD 
Samples (2, S, SMP) N Subset for 
alpha = 0.05 
1 
125 2 ,24500 
105 2 ,25000 
135 3 ,25500 
115 3 ,25867 
Sig.  ,850 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 2,400. 
b. The group sizes are unequal. The harmonic mean 




Dist.to force (S, soy) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 2,990 3 ,997 63,209 ,000 
Within Groups ,110 7 ,016   
Total 3,101 10    
 
Dist.to force (S, soy) 
Tukey HSD 
Samples (2, S, soy) N Subset for alpha = 0.05 
1 2 3 
131 3 5,29900   
121 2 5,55050 5,55050  
111 3  5,65900  
101 3   6,62733 







Dist.to force (S, 75:25) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 5,910 3 1,970 23,926 ,001 
Within Groups ,494 6 ,082   
Total 6,404 9    
 
Dist.to force (S, 75:25) 
Tukey HSD 
Samples (2, S, 75:25) N Subset for alpha = 0.05 
1 2 
112 2 4,87350  
122 2 4,87350  
132 3 5,49500  
102 3  6,72067 
Sig.  ,183 1,000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,400. 
b. The group sizes are unequal. The harmonic mean of the 




Dist.to force (S, 50:50) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 8,739 3 2,913 34,920 ,000 
Within Groups ,584 7 ,083   
Total 9,323 10    
 
Dist.to force (S, 50:50) 
Tukey HSD 
Samples (2, S, 50:50) N Subset for alpha = 0.05 
1 2 3 
123 3 4,58433   
133 3 4,68067 4,68067  
113 3  5,49500  
103 2   7,02300 
Sig.  ,979 ,054 1,000 
Means for groups in homogeneous subsets are displayed. 








Dist.to force (S, SMP) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 1,222 3 ,407 ,493 ,700 
Within Groups 4,959 6 ,827   
Total 6,181 9    
 
Dist.to force (S, SMP) 
Tukey HSD 
Samples (2, S, SMP) N Subset for 
alpha = 0.05 
1 
125 2 4,51450 
115 3 4,81600 
135 3 4,87667 
105 2 5,57400 
Sig.  ,607 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 2,400. 
b. The group sizes are unequal. The harmonic mean 
of the group sizes is used. Type I error levels are not 
guaranteed. 
ANOVA 
Dist.to force (S, 25:75) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 1,955 3 ,652 1,374 ,319 
Within Groups 3,793 8 ,474   
Total 5,748 11    
Dist.to force (S, 25:75) 
Tukey HSD 
Samples (2, S, 25:75) N Subset for 
alpha = 0.05 
1 
114 3 4,87700 
124 3 5,27733 
104 3 5,48567 
134 3 5,99667 
Sig.  ,267 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 3,000. 
 
 
Comparing the samples in the measuring day 
 
ANOVA 
Dist.to force (S, day 0) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 4,938 4 1,235 2,320 ,145 
Within Groups 4,256 8 ,532   
Total 9,194 12    
 
Dist.to force (S, day 0) 
Tukey HSD 
Samples (2, S, day 0) N Subset for alpha = 0.05 
1 
104 3 5,48567 
105 2 5,57400 
101 3 6,62733 
102 3 6,72067 
103 2 7,02300 




Dist.to force (S, day 7) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 1,843 4 ,461 2,179 ,153 
Within Groups 1,903 9 ,211   
Total 3,746 13    
 
Dist.to force (S, day 7) 
Tukey HSD 
Samples (2, S, day 7) N Subset for alpha = 0.05 
1 
115 3 4,81600 
112 2 4,87350 
114 3 4,87700 
113 3 5,49500 
111 3 5,65900 







Dist.to force (S, day 14) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 1,834 4 ,459 1,511 ,297 
Within Groups 2,125 7 ,304   
Total 3,960 11    
 
Dist.to force (S, day 14) 
Tukey HSD 
Samples (2, S, day 14) N Subset for alpha = 0.05 
1 
125 2 4,51450 
123 3 4,58433 
122 2 4,87350 
124 3 5,27733 
121 2 5,55050 
Sig.  ,346 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,308. 
b. The group sizes are unequal. The harmonic mean of the group sizes is used. 
Type I error levels are not guaranteed. 
 
ANOVA 
Dist.to force (S, day21) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 3,245 4 ,811 4,896 ,019 
Within Groups 1,657 10 ,166   
Total 4,901 14    
 
Dist.to force (S, day21) 
Tukey HSD 
Samples (2, S, day21) N Subset for alpha = 0.05 
1 2 
133 3 4,68067  
135 3 4,87667  
131 3 5,29900 5,29900 
132 3 5,49500 5,49500 
134 3  5,99667 





Force (S, day 0) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,015 4 ,004 12,612 ,003 
Within Groups ,002 7 ,000   
Total ,017 11    
 
Force (S, day 0) 
Tukey HSD 
Samples (2, S, day 0) N Subset for alpha = 0.05 
1 2 3 
103 2 ,19100   
104 3 ,21567 ,21567  
105 2  ,25000 ,25000 
101 3   ,27667 
102 2   ,28600 
Sig.  ,569 ,297 ,262 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,308. 
b. The group sizes are unequal. The harmonic mean of the group sizes is 
used. Type I error levels are not guaranteed. 
 
ANOVA 
Force (S, day 7) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,017 4 ,004 69,420 ,000 
Within Groups ,001 9 ,000   
Total ,018 13    
 
Force (S, day 7) 
Tukey HSD 
Samples (2, S, day 7) N Subset for alpha = 0.05 
1 2 
115 3 ,25867  
114 3 ,26767  
113 3  ,32700 
111 3  ,33533 
112 2  ,33950 






Force (S, day 14) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,049 4 ,012 160,518 ,000 
Within Groups ,001 7 ,000   
Total ,050 11    
 
Force (S, day 14) 
Tukey HSD 
Samples (2, S, day 14) N Subset for alpha = 0.05 
1 2 3 
123 3 ,21700   
124 3 ,24300   
125 2 ,24500   
122 2  ,33950  
121 2   ,38950 
Sig.  ,060 1,000 1,000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,308. 
b. The group sizes are unequal. The harmonic mean of the group sizes is 




Force (S, day21) 
 Sum of Squares df Mean Square F Sig. 
Between Groups ,043 4 ,011 38,166 ,000 
Within Groups ,003 10 ,000   
Total ,046 14    
 
Force (S, day21) 
Tukey HSD 
Samples (2, S, day21) N Subset for alpha = 0.05 
1 2 3 
135 3 ,25500   
133 3 ,25567   
134 3 ,29100 ,29100  
132 3  ,32700  
131 3   ,39800 
Sig.  ,137 ,137 1,000 
Means for groups in homogeneous subsets are displayed. 





Dist.to force (S, day 0) 
Tukey HSD 
Samples (2, S, day 0) N Subset for alpha = 0.05 
1 
104 3 5,48567 
105 2 5,57400 
101 3 6,62733 
102 3 6,72067 
103 2 7,02300 
Sig.  ,221 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 2,500. 
b. The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error 
levels are not guaranteed. 
 
ANOVA 
Dist.to force (S, day 7) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 1,843 4 ,461 2,179 ,153 
Within Groups 1,903 9 ,211   
Total 3,746 13    
 
Dist.to force (S, day 7) 
Tukey HSD 
Samples (2, S, day 7) N Subset for 
alpha = 0.05 
1 
115 3 4,81600 
112 2 4,87350 
114 3 4,87700 
113 3 5,49500 
111 3 5,65900 
Sig.  ,282 
 
ANOVA 
Dist.to force (S, day 0) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 4,938 4 1,235 2,320 ,145 
Within Groups 4,256 8 ,532   





Dist.to force (S, day 14) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 1,834 4 ,459 1,511 ,297 
Within Groups 2,125 7 ,304   
Total 3,960 11    
 
Dist.to force (S, day 14) 
Tukey HSD 
Samples (2, S, day 14) N Subset for alpha = 
0.05 
1 
125 2 4,51450 
123 3 4,58433 
122 2 4,87350 
124 3 5,27733 
121 2 5,55050 
Sig.  ,346 
 
ANOVA 
Dist.to force (S, day21) 
 Sum of Squares df Mean Square F Sig. 
Between Groups 3,245 4 ,811 4,896 ,019 
Within Groups 1,657 10 ,166   
Total 4,901 14    
 
Dist.to force (S, day21) 
Tukey HSD 
Samples (2, S, day21) N Subset for alpha = 0.05 
1 2 
133 3 4,68067  
135 3 4,87667  
131 3 5,29900 5,29900 
132 3 5,49500 5,49500 
134 3  5,99667 
Sig.  ,179 ,291 
 
 
